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Outline

• Introduction on photovoltaics and the Shockley-Queisser model

• Solar cell operation, designs and structures

• Ultra-thin solar cells, benchmark (Si, CIGS, GaAs), notable examples

• Low-cost nanofabrication techniques and Nanoimprint Lithography

• Outlook
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News from 8th World Conference on Photovoltaic Energy Conversion

Global PV installation 1st Terawatt by fall 2022 (60 years). 2nd Terawatt expected in 3 years 1

PV share, 100% RE (2050) 60-63% (anyway > 50%) 2 

Market share (2021) 95% Si-wafer based PV 3 (5% CIGS & CdTe)

Energy Payback Time 0.9/1.1 years (north/south Europe) 3

Production costs (today) 19.9 $ct/Wp in India / 25 $ct/Wp EU (high) 4

26 - 30 September 2022 in the Milano

1 Pierre Verlinden, Trina Solar, WCPEC-8, 26 September 2022
2 Christian Breyer, Finland  University), 5EP.1.3, WCPEC-8, 30 September 2022
3 PHOTOVOLTAICS REPORT, Fraunhofer ISE, 22 September 2022
4 Peter Fath, RCT-Solutions, 26 September 2022
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Shockley-Queisser model for solar cells 

P= V×I

xNon-absorption

Energy	loss	processes:

Thermalization

EC

EV

Best bandgap to maximize converted power (1-J):
compromise between high current and voltage

I

V

(Carriers separation 
requires a built-in asymmetry)

∼1000	W/m2
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Shockley-Queisser model for solar cells 

504
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of the J–V characteristic, essential for an 
efficient photovoltaic device, is measured by 
the fill factor FF, the ratio of the electrical 
power Pmax at the maximum power point 
divided by the product JSCVOC. As long as 
equation (1) is valid, the fill factor — at a 
given temperature Tcell — is a well-defined 
increasing function of VOC, that is, FF = 
FF0(VOC) (equation (6) in Box 1)16.

The SQ model with assumptions 1–5 
yields a short-circuit current JSQSC ðEgÞ

I
 and  

a saturation current JSQ0 ðEgÞ
I

 that only 
depend on Eg (as material property).  
These two values determine the output 
power PSQ

max
I

, for a given Tcell and a given solar 
spectrum, solely by Eg, as shown in Fig. 2a.  
As discussed in the following, relaxing 
assumptions 1–5 leads to power losses 
by changes in one or more of the three 
parameters JSC, J0, Tcell, and also to changes  
of the overall J–V shape.

For stage A (optical), no real solar cell 
can fulfil assumption 1, that is, have a step 
function absorptivity A(E), for example, 
because of broadened conduction band 
and valence band edges, called band tails17, 
resulting from (static) structural disorder18, 
due to the existence of charge transfer states 
in organic semiconductors19, or simply 
because of a finite cell thickness and finite 
absorption coefficients. An obvious problem 

in this context is to define the bandgap to use 
in the SQ model to determine JSQSC

I
 and JSQ0

I
 

that may serve as reference values. Especially 
for semiconductors with (static) disorder 
the exact definition or method to determine 
the bandgap is problematic. To be consistent 
with the SQ model, we recently proposed to 
use the derivative of the external photovoltaic 
quantum efficiency with respect to photon 
energy as a measure of photovoltaic 
bandgap20. In violation of assumption 2, 
parasitic absorption of photons in contact 
layers or by free carriers (electrons) in the 
optical absorber reduces the average number 
of photogenerated electron–hole pairs per 
absorbed photon to <1.

The consequences of violating 
assumptions 1 and 2 of the SQ model 
are best understood in terms of the 
external photovoltaic quantum efficiency 
QPV

e Eð Þ
I

, that is, the probability that a 
photon of energy E, impinging on the cell, 
generates an electron–hole pair that, under 
short-circuit conditions, is extracted at the 
contacts. In general, we have QPV

e Eð Þ<A Eð Þ
I

 
and it is easily understood that this also leads 
to reduction of the short-circuit current.

Thus, violating assumptions 1 and 2 
decreases the short-circuit current  
from the ideal value JSQSC

I
 to the real  

value JQESC
I

, determined by QPV
e Eð Þ
I

.  

Because of the reciprocity between QPV
e Eð Þ
I

 
and the electroluminescence of a solar 
cell21, JSQ0

I
 also changes to JQE0

I
 (which  

still describes radiative loss to the 
ambient). It should be noted that the 
reciprocity applies to all optical absorbers, 
nanophotonic or not, so that this analysis 
is generally valid22.

Summarizing the loss resulting from 
assumptions 1 and 2, we use the ratios of 
short-circuit currents JQESC =JSQSC ð¼ FSCÞ $ 1

I
 

and radiative emission loss currents 
JSQ0 =JQE0 ¼ Femð Þ $ 1
I

 as two figures of 
merit that describe departures from the 
ideal SQ case. The best experimental 
values of FSC are >90% for top laboratory 
cells of all commercial types (95% for the 
best crystalline Si cells)5, while typical Fem 
values range from ≈0.1−0.5 in GaAs or 
crystalline Si cells to <<10−3 in amorphous 
or organic cells20. Note the different weight 
of Fem entering only logarithmically in the 
open-circuit voltage and in the efficiency 
equations (equations (3) and (5) in Box 1)  
as compared with FSC, which has an 
approximately linear effect on the solar cell 
efficiency. Thus, a 10% loss in FSC implies 
a little bit more than 10% loss in efficiency, 
whereas a 90% loss in Fem involves a loss  
in VOC of kTcell/q×ln(10) ≈ 60 mV, that  
is, <10% loss, if VOC > 600 mV.
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Fig. 2 | Power losses as a function of bandgap and applied voltage in the SQ model. a, Illustration of losses within the SQ model as a function of  
bandgap (always at maximum power point) using for the solar spectrum a 5,800 K black-body spectrum normalized to 100 mW cm–2. b, Energy losses  
for a given bandgap energy depicted as a function of photon flux versus photon energy. By dividing the photon flux by the elementary charge q and 
multiplying the energy with q, the axes can also be read as current density versus voltage. The black curve denotes the current versus voltage curve,  
and the maximum output power is obtained for a maximum area of the white rectangle (‘Power out’), likewise a minimum area for the recombination  
and isothermal dissipation losses. c, Current–voltage curves of a solar cell and the power losses occurring on relaxing the SQ assumptions 1 and 2 
(combined), 4 and 5. The maximum output power (illustrated by the rectangles) reduces stepwise from the SQ value PSQmax

I
 to the real value Prealmax

I
.  

The cell temperature Tcell is kept at the SQ value TSQ
cell
I

 such that assumption 3 is still valid. Violations of assumptions 1–5 are kept at a level such that the  
real device is still a useful solar cell. Panels a and b inspired from ref. 10.

NATURE PHOTONICS | VOL 13 | AUGUST 2019 | 501–508 | www.nature.com/naturephotonics
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Shockley-Queisser model for solar cells 

xNon-absorption
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Energy	loss	processes:

P= V×I

Best bandgap to maximize converted power (1-J):
compromise between high current and voltage

(Carriers separation 
requires a built-in asymmetry)
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Assump;ons of the Shockley-Queisser

Ⓐ Optical

1) At Eg, absorptivity of photons in the absorber switches from 0 to 1.

2) One electron–hole pair per absorbed photon. Each pair is collected at
short circuit.

Ⓑ Thermal

3) Heat extraction from the carrier system such that the carrier
temperature equals the cell and ambient temperature.

Ⓒ Electronic

4) Electron–hole recombination is only radiative.

5) No ohmic losses, contacts are perfectly selective.

502

comment

Table 1 | Stages and assumptions of the SQ model

Stage Timescale Energy losses Assumptions Change of diode 
parameters

Figures of merit

A (optical) 1–10 fs Loss of photons that are 
not absorbed.

1. At Eg, absorptivity of photons in the absorber 
switches from 0 to 1.
2. Exactly one electron–hole pair per absorbed 
photon. Each pair is collected at short circuit.

1. JSQSC ! JQESC
I

2. JSQ0 ! JQE0
I

1. FSC ¼ JQESC=J
SQ
SC

I
2. Fem ¼ JSQ0 =JQE0

I

B (thermal) 0.1–10 ps Loss of excess kinetic 
energy.

3. Heat extraction from the carrier system such 
that the carrier temperature equals the cell and 
ambient temperature.

3. TSQ
cell ! Top

cell
I

3. FT ¼ TSQ
cell=T

op
cell

I

C (electronic) 0.1–1,000 ns Loss by emission of 
photons.
Isothermal dissipation 
loss during carrier 
collection.

4. Electron–hole recombination is only radiative 
(emission of radiation).
5. No ohmic losses, contacts are perfectly 
selective.

4. JQE0 ! Jreal0
I

5. FF0 Vreal
OC

! "
! FFcell

I

4. Qlum
e ¼ JQE0 =Jreal0
I

5. FresFF ¼ FFcell=FF0 Vreal
OC

! "

I

The three steps (A–C) of the SQ model, their timescales and energy losses associated with them, and real solar cell departures from the five SQ assumptions (Fig. 1), quantified by five figures of merit (see Box 
1). Assumptions 1 and 2: relaxing assumption 1 towards a non-step function-like absorptivity, A(E), combined with relaxing assumption 2 (not all absorbed photons lead to electron–hole pairs that are collected) 
has two consequences — first, the short-circuit current JQESC

I
 of a real cell (with photovoltaic quantum efficiency QPV

e

I
) becomes smaller than JSQSC

I
, the SQ model value, and second, the radiative loss current JQE0

I
 

becomes larger than JSQ0
I

. Accordingly, we define two figures of merit Fem and FSC, unity in the SQ limit, but <1 if assumptions 1 and 2 are not fulfilled. Assumption 3: deviation of the operating cell’s temperature 
Top
cell
I

, and TSQ
cell
I

 = 300 K assumed in the SQ model is expressed by FT ¼ TSQ
cell=T

op
cell

I
. Assumption 4: the occurrence of non-radiative recombination (violation of assumption 4) is described by Qlum

e

I
, the ratio between 

the emitted radiation JQE0
I

 and the total recombination current Jreal0

I
. Assumption 5: the ratio FresFF

I
 describes fill factor losses due to non-zero series resistance, low charge-carrier mobilities and finite parallel 

resistances, in violation of assumption 5.
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Fig. 1 | Explanation of the key concepts used in the SQ model. a, Schematic of the SQ model, featuring the Sun at Tsun illuminating the solar cell and the 
ambient, both being at Tamb = Tcell = 300 K. The solar cell emits black-body radiation into the environment and useful electrical power is delivered to the 
external circuit. b, The three essential steps of photovoltaic power conversion, illustrated within an energy band diagram of a p–n junction solar cell; p (n) 
semiconductor on right (left). The conversion process consists of three steps: light absorption (A), local thermalization, directly after photogeneration (B) 
and charge collection with further thermalization within the semiconductor and contacts (C). Selectivity is illustrated as the flow of each of the two types of 
charge carrier (electrons in blue and holes in red) into a different contact. c, Typical timescales of these energy losses (note that in Si solar cells, collection and 
recombination times could be much longer). Non-absorption loss refers to photons whose energy is less than Eg. d, Simple equivalent (electrical engineering) 
circuit of a solar cell. The SQ model only requires the current source and the diode (the red photon represents radiative recombination with the current Jem). 
Real solar cells are typically described by the addition of a second diode, representing non-radiative recombination with current Jnonr (indicated by the blue 
springs, representing heat dissipation), a parallel or shunt resistance Rp and a series resistance Rs.

NATURE PHOTONICS | VOL 13 | AUGUST 2019 | 501–508 | www.nature.com/naturephotonics

« Guide for the perplexed to the Shockley– Queisser model 
for solar cells », Nature Photonics 13, 501 (2019) 

Ⓐ
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Ⓑ
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In real life: solar cell efficiency is governed by the αμτ product 

Typical	requirements:

Absorption:	 𝑡!"# ≫ Penetration	depth	(1/𝜶)

Collection: 𝑡!"# ≪ Diffusion/Drift	lengths	(𝝁&𝝉)

absorber

e-contact

h-contact

Photovoltaic	absorber	material:
• Light	absorption	(α)
• Charge-carrier	transport	(𝜇)
• Charge-carrier	recombination	(𝜏)

load

𝜶𝝁𝝉 the higher the better!

e-contact

h-contact

𝑡!"# 𝐿$ 𝐿%

Physical Review Research 2, 023109 (2020) 
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The pn junction
Dark

“Depletion	
region”

𝑥Wp-Wn

EC

EV

Ef𝑘!𝑇𝑙𝑛(𝑛"/𝑁#)

𝑘!𝑇𝑙𝑛(𝑛$/𝑁%)

n p

𝑒𝑉!",$

Light

𝑛& ≫ 𝑛$' 𝑛( ≫ 𝑛%
)

EV

Efc

𝑥Wp-Wn

Efv
𝐸%& − 𝐸%'

EC
𝑒𝑉!"

n p

e

h

𝐽 =
𝜎%
𝑒 ∇𝐸*+ +

𝜎$
𝑒 ∇𝐸*,

𝜎 = 𝑒(𝑛%𝜇% + 𝑛$𝜇$)

𝐸*- ∶ Quasi − Fermi level (or Electrochemical	Potential)

☛ Electron/holes	are	charged	particles	and	the	electrical	force (∝
∇𝜑) and the chemical	force	(∝ ∇𝑛) act	on	them simultaneously.	
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DriF and Diffusion currents
Mathematically - if	you	like	- we	can	consider	the	two	contributions	separately	and	express:

but	the	2	current	components	lack	a	real	physical	meaning!	
Only	the	total	current	originating	from	the	total	driving	force	(∝ ∇𝐸*-)	is	a	real	physical	quantity.	

𝑛% 𝑥 = 𝑐𝑜𝑛𝑠𝑡.
𝑛$ 𝑥 = 𝑐𝑜𝑛𝑠𝑡.

E ≠ 0

Only Field	(Drift)	current

∇𝑛! 𝑥
∇𝑛" 𝑥

E = 0

Only Diffusion	current

𝐸(
0

−𝑒𝜑 EC

EVEfv

Efc

𝑥
𝑬

ⓗ

ⓔ 𝐽#
$%#&' = 𝜎#𝐸 = −𝜎#∇𝜑

𝜎 = 𝑒(𝑛!𝜇! + 𝑛"𝜇")

𝐸(
0

−𝑒𝜑

EC

EV
Efv

Efc

𝑥

ⓗ

ⓔ 𝐽#
$#&& = −𝑞𝐷#∇𝑛#(𝑥)

𝐷# =
𝑘(𝑇𝜇#
𝑞
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Diffusion and Drift lengths

𝐿#
$#&& = 𝐷#𝜏#

The carrier diffusion length is the mean path length for the charge carrier
diffusion during its lifetime (𝜏#):

𝐿#
$%#&' = 𝜇#𝜏#𝐸

Si GaAs

𝑚(
∗/𝑚( 1.08 0.067

𝑚*
∗ /𝑚( 0.55 0.47

𝜇( (V-1s-1) 1400 8500

𝜇*(V-1s-1) 450 400

𝐷( (cm2s-1) 36 200

𝐷* (cm2s-1) 12 10

𝜏(/* (sec)	 up	to	ms up	to	µs

𝐿(/*
,"%% (cm) 100-300	µm	 10-50	µm	

Similarly, the carrier drift length is the mean path length for the charge
carrier drift during its lifetime (𝜏#):

𝜇# and 𝜏# strongly depend on densities of defects and impurities
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The pn junction
Dark

“Depletion	
region”

𝑥Wp-Wn

EC

EV

Ef𝑘!𝑇𝑙𝑛(𝑛"/𝑁#)

𝑘!𝑇𝑙𝑛(𝑛$/𝑁%)

n p
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Light

𝑛$ ≫ 𝑛") 𝑛* ≫ 𝑛!
+

EV

Efc

𝑥Wp-Wn

Efv
𝐸%& − 𝐸%'

EC
𝑒𝑉!"

n p

e

h

𝐽 =
𝜎!
𝑒 ∇𝐸&, +

𝜎"
𝑒 ∇𝐸&-

𝜎 = 𝑒(𝑛!𝜇! + 𝑛"𝜇")

Selective carrier transport can only result from

different conductivities of electrons and holes on the

way toward “their” contacts!

IEEE	J.	of	PV	5,	NO.	1,	461	(2015)
Peter	Würfel	and	Uli	Würfel	,	«Physics	of	Solar	Cells»,	Wiley	VCH	
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Solar cell structure and design

We	need	enough	material,		how	it	is	arranged	is	not	important!
Otherwise, let’s bend the light
instead of the absorber!

492 NATURE PHOTONICS | VOL 9 | AUGUST 2015 | www.nature.com/naturephotonics

Ternary cell design and benefits
As organic semiconducting materials typically exhibit low charge-
carrier mobility, the active layer, that is, the BHJ blend of the donor 
material and the acceptor material, is usually very thin (~100 nm) 
to achieve e"cient charge collection. Such a thin #lm, unfortunately, 
leads to limited absorption, especially in the wavelength region away 
from the absorption peaks. To address this issue with binary PSCs 
(that is, those consisting of one donor material and one acceptor 
material), tandem PSCs consisting of multiple active layers with com-
plementary absorptions have been introduced (Fig. 1b). It has been 
shown that light harvest and conversion can indeed be improved with 
a tandem structure, but the fabrication cost of such tandem PSCs is 
also signi#cantly increased due to the complexity of these devices. An 
e$ective, yet simple way, to enhance light harvesting and conversion 
is to use a ternary structure that combines the simplicity of binary 
PSCs with complementary absorption from tandem PSCs (Fig. 1c). A 
typical ternary blend PSC contains one additional electron donor or 
acceptor material compared with its traditional binary counterpart; 
where this third component is o%en chosen to have complementary 
absorption with respect to that of the reference device. As a result, light 
absorption can be extended to the near infrared (IR) region for wide- 
or medium-bandgap polymers, whereas for low-bandgap polymers 
the absorption strength for shorter wavelengths could be improved 
by carefully selecting the third component32. We would like to note 
that ternary active layers are commonly limited to the same thickness 
as the corresponding binary devices, and incomplete light absorption 
owing to such thin #lms is still a problem in many ternary systems. 
Trade-o$s between complete light absorption, active layer thickness, 
and #ll factor (FF) must still be achieved in the ternary devices, with 
the added complication that adding the third component dilutes the 
majority of the chromophores. Besides the light absorption bene#ts, 

other e"ciency-pertinent factors, such as nanomorphology, charge-
carrier mobility, FF and even VOC, could be greatly enhanced as well, 
providing a strategy to signi#cantly improve the PCE values for vari-
ous binary hosts. Due to these potential advantages, many investiga-
tions of ternary blend PSCs have been conducted. Several varieties of 
third components have been reported, including donor polymers and 
small molecules33,34, fullerene derivative acceptors35, dye molecules36 
and quantum dots37.

Several excellent reviews by You’s group38, Brabec’s group39, Lin’s 
group40 and Ratner’s group41 have summarized early work in ternary 
blend PSCs and can be referred to as the basis for this contribution. 
However, signi#cant progress has been made since these earlier 
reviews33,42. &erefore, we intend to take this opportunity to present 
a comprehensive view of the ternary blend PSCs. We begin by pre-
senting the general function of the third component and possible 
working mechanisms, including charge transfer, energy transfer, par-
allel-like and alloy-like. We then discuss recent progress in di$erent 
ternary systems, including P3HT-based systems, high-performance 
DA polymer systems, and small-molecule systems. We next empha-
size current challenges and puzzles, such as morphology control and 
understanding the origin of VOC changes. We conclude with a brief 
summary and outlook for future advances in ternary blend PSCs.

Functionality of the third component
In general, the third component enhances the PCE of OPV solar 
cells through electronic and/or structural (morphological) e$ects. 
Electronically, the third component can act as an energy transfer agent 
(antenna) and/or a charge relay component. Structurally, it can play 
the role of a template to facilitate supramolecular assembly in the blend 
#lm—preferred for achieving the ideal BHJ morphology—to favour 
charge dissociation and transport. For e$ective donor or acceptor 
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Figure 1 | Structures of di!erent PSCs. a, General device structure for binary bulk heterojunction PSCs. b, Tandem PSCs using two donor materials with 
complementary absorption spectra. c, Structures of ternary blend bulk heterojunction PSCs with four possible active layer morphologies including the third 
component embedded in one donor or acceptor phase, located at the interfaces, forming a parallel-like structure with the primary donor or acceptor and 
an alloy with either the donor or acceptor material.

REVIEW ARTICLE NATURE PHOTONICS DOI: 10.1038/NPHOTON.2015.128

© 2015 Macmillan Publishers Limited. All rights reserved

Must	be	adapted	to	𝜶𝝁𝝉!

In the « Energy space »: different (band) structures are more/less suitable/possible depending on material and its 𝜶𝝁𝝉

In	the	« Real	space »:	different	(geometrical) designs can	compensate	for	some	material	“weaknesses”
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GaAs (and III-V) solar cells
• Monocrystalline, high crystal quality, low defects

• High absorption coefficient (𝛂), direct Eg (tabsorber∼2 µm)

• Long lifetimes (𝛕), very high mobilities (𝛍), long diffusion lengths 

• Doping possible

• Chemical passivation possible (wide-bandgap III-V)

• Hetero-contacts possible and much more!
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Table 1. Values of the doping level/thickness (cm−3)/(nm) of the layers for the four types of structures.

Layer n–p (AlInP) p–n (AlInP) p–n (no window) p–n (AlGaAs)

GaAs cap 2 × 1018/300 1019/300 1019/300 1019/300
Window Al0.53In 0.47P Al0.53In 0.47P No Al0.8Ga0.2As

2 × 1018/30 2 × 1017/30 — 2 × 1017/30
GaInP emitter 1018/50 5 × 1017/50 5 × 1017/50 5 × 1017/50

i/100 i/100 i/100
GaInP base 1017/800 1017/920 1017/920 1017/920
GaInP BSF 2 × 1018/50 2 × 1018/50 2 × 1018/50 2 × 1018/50
GaAs buffer 2 × 1018/150 2 × 1018/150 2 × 1018/150 2 × 1018/150

Table 2. Values of the band gap (Eg), electron affinity (χ ) of the layers as well as band gap offsets ("EC, "EV) of different interfaces used
in the simulations are presented.

Material Eg (eV) χ (eV) Interface "EC (eV) "EV (eV)

GaAs 1.42 [18] 4.07 [18] GaAs/GaInP 0.06 0.375
Ga0.52In 0.48P 1.85 [19] 4.01 [21] GaAs/AlInP 0.3 0.63
Al0.53In 0.47P 2.35 [20] 3.78 [21] GaInP/AlInP 0.23 0.27
Al0.8Ga0.2As 2.09 [13] 3.53 [22] GaAs/AlGaAs 0.54 0.13

GaInP/AlGaAs 0.48 0.24
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Figure 2. Band diagrams at the front surface calculated with
different values of Dit (in eV−1 cm−2) for the four types of
structures: p–n structure with p-AlInP window layer (a), without
window layer (b), p-AlGaAs window layer (c) and n–p structure
with n-AlInP window layer (d).

where ω is the angular frequency. Assuming that Gb is
dominated by thermoionic emission over the potential barrier
it may be expressed as

Gb = G0 · exp
(
−q · ϕb

k · T

)
, (3.3)

GaInP p-n junction 
depletion region 

Front interfaces 
depletion region  

CWCb

GWGb

Figure 3. Simplified equivalent circuit for the admittance.

where G0 is the temperature dependent thermoionic emission
pre-factor, q is the electron charge, ϕb is the effective height
of the potential barrier, k is Boltzmann’s constant and T is the
temperature.

The calculated temperature dependences of Cp and
Gp/ω, using formulae (3.1), (3.2) and (3.3) with temperature
independent values of CW, Cb and G0 for different frequencies
are presented in figure 4. Capacitance curves exhibit a step.
At low temperatures (high frequencies) the transport of the
majority carriers through potential barriers at the interfaces
is limited, i.e. the conductance Gb is low and the total
capacitance can be expressed as CW in series with Cb. At
higher temperatures (lower frequencies) the majority carriers
can overpass the potential barriers at the interfaces, i.e.
conductance Gb is large enough to shunt the capacitance Cb

and the total capacitance is equal to the capacitance of the
depletion region of the p–n junction, CW.

The step in the capacitance curves is accompanied by a
maximum in conductance. The conductance maximum in
the Gp/ω(T ) curves corresponds to the inflection point in
the Cp(T ) curves as demonstrated in figure 4(b), where the
derivative of the capacitance against temperature, dCp/dT ,
is presented. The position of this feature is shifted to
higher temperature when increasing the frequency. This shift
in the temperature position versus frequency may be used

3
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c-Si solar cells
• Monocrystalline, high crystal quality, low defects
• Low absorpTon coefficient (𝛂), indirect bandgap (tabsorber∼200 µm)
• Very long lifeTmes (𝛕), high mobiliTes (𝛍), very long diffusion lengths 
• Doping possible
• Chemical passivaTon possible: SiO2, hydrogenated a-Si (a-Si:H)
• Hetero-contacts possible: a-Si:H/doped-a-Si + TOPCon and others
• + doped microcrystalline Si (µc-Si)

502

comment

Table 1 | Stages and assumptions of the SQ model

Stage Timescale Energy losses Assumptions Change of diode 
parameters

Figures of merit

A (optical) 1–10 fs Loss of photons that are 
not absorbed.

1. At Eg, absorptivity of photons in the absorber 
switches from 0 to 1.
2. Exactly one electron–hole pair per absorbed 
photon. Each pair is collected at short circuit.

1. JSQSC ! JQESC
I

2. JSQ0 ! JQE0
I

1. FSC ¼ JQESC=J
SQ
SC

I
2. Fem ¼ JSQ0 =JQE0

I

B (thermal) 0.1–10 ps Loss of excess kinetic 
energy.

3. Heat extraction from the carrier system such 
that the carrier temperature equals the cell and 
ambient temperature.

3. TSQ
cell ! Top

cell
I

3. FT ¼ TSQ
cell=T

op
cell

I

C (electronic) 0.1–1,000 ns Loss by emission of 
photons.
Isothermal dissipation 
loss during carrier 
collection.

4. Electron–hole recombination is only radiative 
(emission of radiation).
5. No ohmic losses, contacts are perfectly 
selective.

4. JQE0 ! Jreal0
I

5. FF0 Vreal
OC

! "
! FFcell

I

4. Qlum
e ¼ JQE0 =Jreal0
I

5. FresFF ¼ FFcell=FF0 Vreal
OC

! "

I

The three steps (A–C) of the SQ model, their timescales and energy losses associated with them, and real solar cell departures from the five SQ assumptions (Fig. 1), quantified by five figures of merit (see Box 
1). Assumptions 1 and 2: relaxing assumption 1 towards a non-step function-like absorptivity, A(E), combined with relaxing assumption 2 (not all absorbed photons lead to electron–hole pairs that are collected) 
has two consequences — first, the short-circuit current JQESC

I
 of a real cell (with photovoltaic quantum efficiency QPV

e

I
) becomes smaller than JSQSC

I
, the SQ model value, and second, the radiative loss current JQE0

I
 

becomes larger than JSQ0
I

. Accordingly, we define two figures of merit Fem and FSC, unity in the SQ limit, but <1 if assumptions 1 and 2 are not fulfilled. Assumption 3: deviation of the operating cell’s temperature 
Top
cell
I

, and TSQ
cell
I

 = 300 K assumed in the SQ model is expressed by FT ¼ TSQ
cell=T

op
cell

I
. Assumption 4: the occurrence of non-radiative recombination (violation of assumption 4) is described by Qlum

e

I
, the ratio between 

the emitted radiation JQE0
I

 and the total recombination current Jreal0

I
. Assumption 5: the ratio FresFF

I
 describes fill factor losses due to non-zero series resistance, low charge-carrier mobilities and finite parallel 

resistances, in violation of assumption 5.
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Fig. 1 | Explanation of the key concepts used in the SQ model. a, Schematic of the SQ model, featuring the Sun at Tsun illuminating the solar cell and the 
ambient, both being at Tamb = Tcell = 300 K. The solar cell emits black-body radiation into the environment and useful electrical power is delivered to the 
external circuit. b, The three essential steps of photovoltaic power conversion, illustrated within an energy band diagram of a p–n junction solar cell; p (n) 
semiconductor on right (left). The conversion process consists of three steps: light absorption (A), local thermalization, directly after photogeneration (B) 
and charge collection with further thermalization within the semiconductor and contacts (C). Selectivity is illustrated as the flow of each of the two types of 
charge carrier (electrons in blue and holes in red) into a different contact. c, Typical timescales of these energy losses (note that in Si solar cells, collection and 
recombination times could be much longer). Non-absorption loss refers to photons whose energy is less than Eg. d, Simple equivalent (electrical engineering) 
circuit of a solar cell. The SQ model only requires the current source and the diode (the red photon represents radiative recombination with the current Jem). 
Real solar cells are typically described by the addition of a second diode, representing non-radiative recombination with current Jnonr (indicated by the blue 
springs, representing heat dissipation), a parallel or shunt resistance Rp and a series resistance Rs.

NATURE PHOTONICS | VOL 13 | AUGUST 2019 | 501–508 | www.nature.com/naturephotonics

Many band structures and architectures, but in general:
p-n: 100-300 µm thick p-type silicon wafer base, poorly doped + thin n-type emitter highly doped

Heterojunction: Si wafers + passivated contacts hydrognated amorphous silicon (a-Si:H) + doped nanocrystalline 
silicon (nc-Si:H) or doped silicon oxide (nc-SiOx:H)

TOPCon: Si wafers  + SiO2 passivation + doped microcrystalline Si (µc-Si)
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Cu(In,Ga)Se2 & CdTe solar cells
• Polycrystalline, defects → Passivation of grain boundaries required 

with Alkali-metals (CIGS) or annealing in CdCl2 atmosphere (CdTe)

• (Very) High (CdTe) absorption coefficient (𝛂), direct Eg (tabsorber∼4 µm)

• Poor lifetimes (𝛕), mobilities (𝛍), diffusion lengths (compare to Si and 
III-V)

• Doping not possible, slightly p-type (Cu vacancies), compensated

• Chemical passivation not possible, few attempt to passivate the p-type 
contact with charged dielectrics (CIGS)

• Hetero-contacts possible using CdS (intrinsically n-type)

www.zsw-bw.de PPR	Appl.	29,	212	(2021)

Zn(OH,S)
ZnS 

Al:ZnO /i:ZnO

ZnMgO

CIGS/CdTe Mo/Au

2-3 µm (CIGS)/more (CdTe)*
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I-V Characteriza;on (Dark/Light) 
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𝐹𝐹 =
𝑉.// 𝐽.//
𝑉01 𝐽21

𝜂 =
𝑉.//𝐽.//
𝑃#),

=
𝐽21 𝑉01 𝐹𝐹
𝑃#),

𝐽21 ∶ 𝑠ℎ𝑜𝑟𝑡 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑐𝑢𝑟𝑟𝑒𝑛𝑡

𝑉01 ∶ 𝑜𝑝𝑒𝑛 𝑐𝑖𝑟𝑐𝑢𝑖𝑡 𝑣𝑜𝑙𝑡𝑎𝑔𝑒 

In the following we will assume:
𝐽21 (𝑑) = 𝑞 ∫𝑨(𝝀) 𝜙(𝜆)*.3.5𝑑𝜆

𝝓(𝝀)𝑨𝑴𝟏.𝟓

Absorptivity
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Ultra-thin solar cells

• State of the art single-junction solar cells today are very close to the 
“Schottky-Queisser limit”

GaAs 33.5%th 29.1%Exp (1-2 µm thick)
c-Si 29.4%th 26.7%Exp (165 μm-thick)

• They operate (essentially) at the single-pass absorption

• Conversion efficiency could be retained in ultrathin absorbers (1/10th) 
using light-trapping

The enthusiastic:

• Completely change the fabrication absorber process (Si)

• Reduce costs (materials) and improve throughput (CIGS)

• Improve lifetime (III-V for space) 

• Increased power production by preventing heating

• Improve carrier collection in defective/degraded absorber 
materials (potential for new/cheaper absorber materials)

The SkepAcal:

→ It may be too late for 1-J Si, maybe for Tandem

→ Yes, but CIGS market < 5%

→ Yes, but we need light-trapping in 2-J, 3-J

→ Yes, a flat mirror will suffice

→ Silicon is unbeatable. 

Does light trapping in solar cell make sense?
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How thin can we go? (1/2)

The optical path can be enhanced by light trapping  
to compensate for the low absorption in ultrathin layers by a factor F

Optical thickness: 𝑭 × 𝒅 (𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠)

[1] E. Yablonovitch, J OPT SOC AM B 71, 899 (1982)

[2] M. Green, Prog. Photovolt: Res. Appl. 10, 235 (2002) 

A(l) = 1 − 𝑒6𝑭8𝒅
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Single-pass
𝑭 = 𝟏

Perfect ARC + Mirror

Double-pass
𝑭 = 𝟐

Incoherent scaWering + Mirror

Lambertian scattering
𝑭 = 𝟒𝝅𝒏𝟐

« Multi-resonant »

Coherent scattering + Mirror

(Hyperuniform)

[2]
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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𝛼𝒅 + |1 𝑭

𝒅

[1]
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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(In 2-μm-thick c-Si slab)
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Box 1 | Light trapping in solar cells

Absorption in a semiconductor layer is primarily determined by 
its intrinsic material properties (complex refractive index n+iκ) 
and thickness d. !e absorption coe"cient α = 4πκ/λ is strongly 
material- and wavelength-dependent. Panel a illustrates the dif-
ference in behaviour of direct (GaAs, CIGS) and indirect (c-Si) 
bandgap semiconductors, and the steep decrease of α close to the 
bandgap. !e refractive indices are provided in the Supplementary 
Data for GaAs and CIGS, and taken from literature for crystalline 
silicon185. Additional coatings, back mirror and texturation can af-
fect the way light enters the cell, propagates, scatters, is trapped 
and resonates in the absorber, and counterbalance the low absorp-
tion in a given wavelength range. !e optical path enhancement 
factor F can be used as a #gure-of-merit for the e"ciency of light 
trapping within a solar cell. Absorption at each wavelength is then 
expressed as A(λ) = 1−e−Fαd.

In the following, we consider three light-trapping models as 
references to analyse the performances of ultrathin solar cells. 
!e corresponding reference absorption spectra are plotted for  
a 2-μm-thick slab of c-Si in panel b. For single-pass absorption 
(panel c), we assume a perfect ARC with no backside re$ection: F=1. 
Adding a perfect back re$ector leads to double-pass absorption 
(panel d), and F = 2. Light scattering on a sub-wavelength texture 
(panel e) is the most common way to increase the optical path 
length in the absorber. It is accomplished through random 

texturation of the surface or via nanoparticle ensembles. !e 
maximum optical path enhancement factor F requires Lambertian 
scatterers with perfect ARC and a back mirror186. Under these 
conditions, full randomization of light ray directions and internal 
re$ections result in the Lambertian scattering model, which is 
described more accurately by A λð Þ ¼ αd

αdþ1=F

I
 and F = 4n2 (ref. 187). 

For inorganic semiconductors, F ≈ 50. !e remarkable absorption 
enhancement that can be achieved theoretically with Lambertian 
light trapping compared to single-pass and double-pass absorption 
is highlighted in panel b. Periodic patterning has also been 
investigated as an alternative for light absorption enhancement 
(panel f). Recent theoretical works suggest that multi-resonant 
absorption can exceed the absorption enhancement enabled 
by Lambertian scattering188,189 but no general model setting the 
theoretical upper limit for light trapping is available yet.

!ese light-trapping strategies require texturation or 
nanostructures at the vicinity of the absorber. Alternatively, external 
texturation using microtextured foils190 or imprint-textured glass 
superstrates191 can contribute to light management in planar or 
textured absorbers. In both cases, they result not only in enhanced 
absorption but also in photon recycling e%ects induced by light 
trapping9 or angular selectivity192,193. !e concepts of external 
texturation and angular restriction have not been applied to 
ultrathin solar cells yet.
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𝐽21 (d) = 𝑞 ∫𝑨(𝝀) 𝝓(𝝀)𝑨𝑴𝟏.𝟓𝑑𝜆

𝝓(𝝀)𝑨𝑴𝟏.𝟓

c-Si: indirect Eg
tabsorber∼200 µm

GaAs/CIGS: direct Eg
tabsorber∼2-4 µm
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Benchmark for c-Si
Adapted from : Massiot, Cattoni, Collin Nat. Energy 5, 959 (2020)
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review the progress made in trapping light in ultrathin layers, 
including numerical works and experimental demonstrations, and 
we analyse the gap between current optical performances and refer-
ence models. We then discuss advances and challenges in the fab-
rication of ultrathin absorber layers and nanoscale texturation for 
light trapping. Subsequently, we focus on the most promising strate-
gies to ensure efficient charge carrier collection in ultrathin devices, 
tackling key issues of surface passivation and carrier selectivity. 
Finally, we present envisioned architectures for ultrathin solar cells, 
integrating both aspects of light absorption and charge carrier col-
lection, and we draw conclusions on future directions for research 
and applications of ultrathin solar cell technologies.

Benchmarking optical performance of ultrathin solar cells
Light absorption is strongly wavelength dependent and drops with 
decreasing absorber thickness. For example, less than 40% of pho-
tons are absorbed in a single pass above λ = 650 nm for a 2-μm-thick 
c-Si solar cell. Enhancing light absorption in the long wavelength 
range (close to the bandgap) is thus critical to ensure good conver-
sion efficiency in ultrathin solar cells.

Box 1 introduces the concept of light trapping and presents 
three reference models that we use to analyse the performances 
of ultrathin c-Si, GaAs and CIGS solar cells: single-pass absorp-
tion, double-pass absorption and Lambertian scattering. In order 
to compare light-trapping efficiencies, we plot the short-circuit 
current density Jsc as a function of the absorber thickness. Jsc is the 
measure of the number of photogenerated carriers collected in the 
device under sunlight illumination. Assuming a perfect collection 
of photogenerated carriers, the absorption efficiency is equal to the 
external quantum efficiency (EQE) and the short-circuit current is 
given by JSC ¼ q

R
EQEðλÞ ´ ϕAM1:5GðλÞdλ

I
, where q is the electronic 

charge and ϕAM1:5G λð Þ
I

 is the spectral photon flux of the AM1.5G 
solar spectrum. The thickness considered in the benchmark of 
ultrathin solar cells is that of the absorber. Window, buffer and  
back surface field layers, as wide bandgap semiconductors in  

heterojunctions, are not taken into account. In the case of struc-
tured absorbers (textured surfaces, nanowires, and so on), we use 
the equivalent thickness of a planar absorber with the same volume.

We restrict this Review to single-junction solar cells measured 
under the standard AM1.5G solar illumination. Since most studies 
of ultrathin solar cells are still in their infancy, this benchmark is 
not restricted to solar cells independently measured by a recognized 
test centre. We report only on solar cells with an area ≥1 mm2, with 
the exception of ultrathin GaAs solar cells, which have surface areas 
down to 300 x 300 μm2. The complete data set used in the analysis is 
provided in the Supplementary Data.

Ultrathin c-Si solar cells. Most of the experimental Jsc values for 
state-of-the-art c-Si solar cells lie close to the single-pass absorption 
reference curve (Fig. 1). Interestingly, the different fabrication pro-
cesses are clustered in specific thickness ranges. Solar cells thicker 
than 10 μm are typically fabricated by liquid phase epitaxy (LPE), 
CVD, or exfoliated from a silicon wafer. For these absorber thick-
nesses, the light-trapping strategies are limited to the combination 
of an anti-reflection coating (ARC) and a front texturation made 
of micrometre-scale random pyramids, as conventionally used for 
wafer-based silicon cells. Best short-circuit currents reach Jsc = 
37.9 mA cm–2 for 47-μm-thick solar cells13,20. As the c-Si thickness 
decreases, there is a clear increase in the complexity of the strategies 
used to enhance light absorption. Solar cells thinner than 10 μm 
require specific fabrication techniques for the absorber layer (epi-
taxial growth, recrystallization, layer transfer) and submicrometre 
texturation with novel geometries.

In the sub-10-μm range, three noticeable experimental works 
have demonstrated a short-circuit current density exceeding 
double-pass absorption21–23. Their common light-trapping strategy 
is based on the use of a submicrometre front texturing of silicon 
coupled with a metal back reflector.

A short-circuit current of 34.5 mA cm–2 has been achieved  
with 10-μm-thick silicon solar cells21. The light-trapping scheme 
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Fig. 1 | State-of-the-art of ultrathin monocrystalline Si solar cells. a, Jsc of thin (20 μm ≤ t ≤ 100 μm) and ultrathin (<20 μm) c-Si solar cells as a function 
of the absorber thickness10,12,13,20–24,26–32,34–36,75,80–83,87,121–158. Experimental results are indicated with filled coloured triangles and grouped according to the 
crystal growth method (from Si wafers, epitaxy or recrystallization). HWCVD, hot-wire chemical vapour deposition. The use of a layer transfer process 
is shown with a black dot. Jsc values from numerical calculations and absorption measurements are indicated with open triangles. All reported values are 
compared to the reference models defined in Box 1 (curves). The Jsc value of the record-efficiency c-Si solar cell is indicated by an arrow6. b–g, Sketches 
of notable light-trapping schemes used in state-of-the-art thin and ultrathin c-Si cells: micrometre-scale random pyramids10,20,121–126,122 (b), front inverted 
nanopyramid arrays21,22 (c), amorphous ordered nanopatterning23 (d), slanted cones29 (e), front and back nanocone arrays27 (f) and photonic crystals31 (g).
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ultra!nes sont récapitulées dans le 
tableau I. Jusqu’à récemment, il fal-
lait plus de 40 µm de silicium ou plus 
d’1µm de semiconducteur en film 
mince (GaAs, CIGS ou CdTe) pour at-
teindre une e"cacité de 20 %.

VERS DES CELLULES SOLAIRES 
ULTRAFINES ET EFFICACES :  
20 % AVEC SEULEMENT 200 NM 
DE GaAs
Nous avons démontré récemment 
une e"cacité de conversion solaire 
de près de 20 % avec seulement 
200 nm de GaAs, grâce à un miroir 
nanostructuré en face arrière [4]. 
La structure complète est présentée 
en !gure 3. La recette utilisée est la 
suivante : les couches semiconduc-
trices sont planaires pour éviter 
l’augmentation des recombinaisons 

optiques et électroniques. Jusqu’à 
présent, très peu de réalisations sont 
parvenues à associer l’ensemble de 
ces contraintes, et on observe les 
mêmes limitations dans les diffé-
rentes !lières photovoltaïques. Les 
meilleures performances des cel-
lules solaires conventionnelles et 

di#usion sont ajoutés, une partie des 
photons se retrouve hors du cône de 
lumière, en ré$exion totale interne 
sur la face avant, augmentant ainsi 
le chemin optique. Ce piégeage op-
tique améliore l’absorption dans le 
semiconducteur, mais elle augmente 
également l’absorption parasite dans 
les couches de contact. Ainsi, aug-
menter le nombre d’allers-retours de 
la lumière n’est e"cace que si l’ab-
sorption parasite est su"samment 
faible. En!n, les pertes électroniques 
induites par les recombinaisons non 
radiatives dans le semiconducteur ou 
aux interfaces diminuent le rende-
ment quantique externe, et donc le 
courant Jsc.

Les cellules solaires ultrafines 
doivent donc combiner un piégeage 
optique e"cace avec de faibles pertes 

Figure 2. Les di!érentes stratégies de piégeage optique dans une cellule solaire.

PIÉGEAGE DE LA LUMIÈRE DANS LES CELLULES SOLAIRES
On introduit ici trois modèles de référence pour décrire 
l’absorption et le piégeage optique dans une cellule 
solaire, schématisée ici simplement sous la forme 
d’une couche de semiconducteur d’épaisseur d, et de 
coefficient d’absorption α=4πκ/λ (n+iκ est l’indice de 
réfraction complexe). α diminue avec l’énergie des photons 
incidents quand on se rapproche de la bande interdite 
(généralement dans le proche infrarouge). Pour compenser 
cette diminution de l’absorption, on peut augmenter le 
chemin optique dans le dispositif d’un facteur F et écrire 
l’absorption sous la forme : A(λ)=1-e-Fαd. Avec un revêtement 
anti-reflet parfait et sans réflexion en face arrière (a), on a 
un simple passage de la lumière, F = 1. L’ajout d’un miroir 
arrière (b) permet un double passage, F = 2. Comment 
faire mieux ?
La texturation de la face avant de la cellule solaire (c) 
est le moyen le plus courant d’augmenter le chemin 
optique par diffusion de la lumière, par exemple par 

gravure chimique de la surface (texturation aléatoire). 
La lumière est déviée puis réfléchie et partiellement 
piégée par réflexion totale interne. Dans le cas d’un 
semiconducteur faiblement absorbant comme le 
silicium, il a été montré que le chemin optique maximal 
est attendu pour une diffusion lambertienne : F = 4n2. 
Ainsi, le chemin optique peut en théorie être augmenté 
d’un facteur 50, soit 25 allers-retours ! Dans la pratique, 
les performances sont encore très éloignées de cette 
limite théorique (Fig. 1).
Récemment, l’introduction d’une structuration 
périodique sub-longueur d’onde parfaitement contrôlée 
(d) a également été explorée dans le but d’améliorer 
l’absorption grâce à des résonances. La tâche est ardue [3], 
car de multiples résonances sont nécessaires pour couvrir 
l’ensemble du spectre solaire. L’optimisation numérique 
et la fabrication sont également plus compliquées, mais 
les résultats récents sont prometteurs (Fig. 3).

Aujourd’hui, la diminution de 
l’épaisseur des cellules solaires 
peut devenir l'un des éléments 
clés pour développer des cel-
lules solaires à la fois moins 
chères et plus e!icaces.

Single-pass abs. (F=1)
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ultra!nes sont récapitulées dans le 
tableau I. Jusqu’à récemment, il fal-
lait plus de 40 µm de silicium ou plus 
d’1µm de semiconducteur en film 
mince (GaAs, CIGS ou CdTe) pour at-
teindre une e"cacité de 20 %.

VERS DES CELLULES SOLAIRES 
ULTRAFINES ET EFFICACES :  
20 % AVEC SEULEMENT 200 NM 
DE GaAs
Nous avons démontré récemment 
une e"cacité de conversion solaire 
de près de 20 % avec seulement 
200 nm de GaAs, grâce à un miroir 
nanostructuré en face arrière [4]. 
La structure complète est présentée 
en !gure 3. La recette utilisée est la 
suivante : les couches semiconduc-
trices sont planaires pour éviter 
l’augmentation des recombinaisons 

optiques et électroniques. Jusqu’à 
présent, très peu de réalisations sont 
parvenues à associer l’ensemble de 
ces contraintes, et on observe les 
mêmes limitations dans les diffé-
rentes !lières photovoltaïques. Les 
meilleures performances des cel-
lules solaires conventionnelles et 

di#usion sont ajoutés, une partie des 
photons se retrouve hors du cône de 
lumière, en ré$exion totale interne 
sur la face avant, augmentant ainsi 
le chemin optique. Ce piégeage op-
tique améliore l’absorption dans le 
semiconducteur, mais elle augmente 
également l’absorption parasite dans 
les couches de contact. Ainsi, aug-
menter le nombre d’allers-retours de 
la lumière n’est e"cace que si l’ab-
sorption parasite est su"samment 
faible. En!n, les pertes électroniques 
induites par les recombinaisons non 
radiatives dans le semiconducteur ou 
aux interfaces diminuent le rende-
ment quantique externe, et donc le 
courant Jsc.

Les cellules solaires ultrafines 
doivent donc combiner un piégeage 
optique e"cace avec de faibles pertes 

Figure 2. Les di!érentes stratégies de piégeage optique dans une cellule solaire.

PIÉGEAGE DE LA LUMIÈRE DANS LES CELLULES SOLAIRES
On introduit ici trois modèles de référence pour décrire 
l’absorption et le piégeage optique dans une cellule 
solaire, schématisée ici simplement sous la forme 
d’une couche de semiconducteur d’épaisseur d, et de 
coefficient d’absorption α=4πκ/λ (n+iκ est l’indice de 
réfraction complexe). α diminue avec l’énergie des photons 
incidents quand on se rapproche de la bande interdite 
(généralement dans le proche infrarouge). Pour compenser 
cette diminution de l’absorption, on peut augmenter le 
chemin optique dans le dispositif d’un facteur F et écrire 
l’absorption sous la forme : A(λ)=1-e-Fαd. Avec un revêtement 
anti-reflet parfait et sans réflexion en face arrière (a), on a 
un simple passage de la lumière, F = 1. L’ajout d’un miroir 
arrière (b) permet un double passage, F = 2. Comment 
faire mieux ?
La texturation de la face avant de la cellule solaire (c) 
est le moyen le plus courant d’augmenter le chemin 
optique par diffusion de la lumière, par exemple par 

gravure chimique de la surface (texturation aléatoire). 
La lumière est déviée puis réfléchie et partiellement 
piégée par réflexion totale interne. Dans le cas d’un 
semiconducteur faiblement absorbant comme le 
silicium, il a été montré que le chemin optique maximal 
est attendu pour une diffusion lambertienne : F = 4n2. 
Ainsi, le chemin optique peut en théorie être augmenté 
d’un facteur 50, soit 25 allers-retours ! Dans la pratique, 
les performances sont encore très éloignées de cette 
limite théorique (Fig. 1).
Récemment, l’introduction d’une structuration 
périodique sub-longueur d’onde parfaitement contrôlée 
(d) a également été explorée dans le but d’améliorer 
l’absorption grâce à des résonances. La tâche est ardue [3], 
car de multiples résonances sont nécessaires pour couvrir 
l’ensemble du spectre solaire. L’optimisation numérique 
et la fabrication sont également plus compliquées, mais 
les résultats récents sont prometteurs (Fig. 3).

Aujourd’hui, la diminution de 
l’épaisseur des cellules solaires 
peut devenir l'un des éléments 
clés pour développer des cel-
lules solaires à la fois moins 
chères et plus e!icaces.

Double-pass abs. (F=2)
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ultra!nes sont récapitulées dans le 
tableau I. Jusqu’à récemment, il fal-
lait plus de 40 µm de silicium ou plus 
d’1µm de semiconducteur en film 
mince (GaAs, CIGS ou CdTe) pour at-
teindre une e"cacité de 20 %.

VERS DES CELLULES SOLAIRES 
ULTRAFINES ET EFFICACES :  
20 % AVEC SEULEMENT 200 NM 
DE GaAs
Nous avons démontré récemment 
une e"cacité de conversion solaire 
de près de 20 % avec seulement 
200 nm de GaAs, grâce à un miroir 
nanostructuré en face arrière [4]. 
La structure complète est présentée 
en !gure 3. La recette utilisée est la 
suivante : les couches semiconduc-
trices sont planaires pour éviter 
l’augmentation des recombinaisons 

optiques et électroniques. Jusqu’à 
présent, très peu de réalisations sont 
parvenues à associer l’ensemble de 
ces contraintes, et on observe les 
mêmes limitations dans les diffé-
rentes !lières photovoltaïques. Les 
meilleures performances des cel-
lules solaires conventionnelles et 

di#usion sont ajoutés, une partie des 
photons se retrouve hors du cône de 
lumière, en ré$exion totale interne 
sur la face avant, augmentant ainsi 
le chemin optique. Ce piégeage op-
tique améliore l’absorption dans le 
semiconducteur, mais elle augmente 
également l’absorption parasite dans 
les couches de contact. Ainsi, aug-
menter le nombre d’allers-retours de 
la lumière n’est e"cace que si l’ab-
sorption parasite est su"samment 
faible. En!n, les pertes électroniques 
induites par les recombinaisons non 
radiatives dans le semiconducteur ou 
aux interfaces diminuent le rende-
ment quantique externe, et donc le 
courant Jsc.

Les cellules solaires ultrafines 
doivent donc combiner un piégeage 
optique e"cace avec de faibles pertes 

Figure 2. Les di!érentes stratégies de piégeage optique dans une cellule solaire.

PIÉGEAGE DE LA LUMIÈRE DANS LES CELLULES SOLAIRES
On introduit ici trois modèles de référence pour décrire 
l’absorption et le piégeage optique dans une cellule 
solaire, schématisée ici simplement sous la forme 
d’une couche de semiconducteur d’épaisseur d, et de 
coefficient d’absorption α=4πκ/λ (n+iκ est l’indice de 
réfraction complexe). α diminue avec l’énergie des photons 
incidents quand on se rapproche de la bande interdite 
(généralement dans le proche infrarouge). Pour compenser 
cette diminution de l’absorption, on peut augmenter le 
chemin optique dans le dispositif d’un facteur F et écrire 
l’absorption sous la forme : A(λ)=1-e-Fαd. Avec un revêtement 
anti-reflet parfait et sans réflexion en face arrière (a), on a 
un simple passage de la lumière, F = 1. L’ajout d’un miroir 
arrière (b) permet un double passage, F = 2. Comment 
faire mieux ?
La texturation de la face avant de la cellule solaire (c) 
est le moyen le plus courant d’augmenter le chemin 
optique par diffusion de la lumière, par exemple par 

gravure chimique de la surface (texturation aléatoire). 
La lumière est déviée puis réfléchie et partiellement 
piégée par réflexion totale interne. Dans le cas d’un 
semiconducteur faiblement absorbant comme le 
silicium, il a été montré que le chemin optique maximal 
est attendu pour une diffusion lambertienne : F = 4n2. 
Ainsi, le chemin optique peut en théorie être augmenté 
d’un facteur 50, soit 25 allers-retours ! Dans la pratique, 
les performances sont encore très éloignées de cette 
limite théorique (Fig. 1).
Récemment, l’introduction d’une structuration 
périodique sub-longueur d’onde parfaitement contrôlée 
(d) a également été explorée dans le but d’améliorer 
l’absorption grâce à des résonances. La tâche est ardue [3], 
car de multiples résonances sont nécessaires pour couvrir 
l’ensemble du spectre solaire. L’optimisation numérique 
et la fabrication sont également plus compliquées, mais 
les résultats récents sont prometteurs (Fig. 3).

Aujourd’hui, la diminution de 
l’épaisseur des cellules solaires 
peut devenir l'un des éléments 
clés pour développer des cel-
lules solaires à la fois moins 
chères et plus e!icaces.

LamberIan scaJering (F=4n2)

• Si directly textured (simple 
to etch/passivate)
• Sim. can exceed 4n2

• Not all Sim. take into 
account complete cell

AMOLF

AMOLF

Record Si cell (Kaneka:
180 µm, 42.65 mA/cm2
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Conversely, fully random patterning can scatter the light
over a broad angular range and over a large range of
wavelengths due to the large rotational and translational
symmetry, but the effectiveness is limited by the fact that the
spatial frequencies in the random pattern do not specifically
favor scattering into the thin film architecture.21 For this
reason, it has been proposed to exploit correlated disordered
media, which have indeed been shown to outperform both
random roughening and periodic patterning for light
trapping.22−31 Although many designs have been presented
so far, it is still an open question how to reach an optimal
design. For instance, it is not settled if the best design is
obtained when starting the optimization from a periodic or
from a random structure.
Hyperuniformity has recently emerged as a new framework

to engineer light scattering and diffraction in a rational manner.
Hyperuniform disordered (HUD) media are statistically
isotropic and possess a constrained randomness such that
density fluctuations on large scales behave more like those of
ordered solids, rather than those of conventional amorphous
materials.32−37 HUD patterns naturally arise in many physical
systems, from the mass distribution in the early universe,38

structure of prime numbers,39 hydrodynamics,40 structure of
amorphous ices,41 sheared sedimenting suspensions,42 to wave
localization43 or colloidal packing.44 When translated into
photonic materials, HUDs exhibit large and robust photonic
band gaps as in photonic crystals, but are both complete and
isotropic.35 As a result, HUDs display allowed modes that can
propagate through the structure in an isotropic fashion as in
random media. HUDs are a highly flexible platform to control
light transport, emission, and absorption in unique ways,
beyond the constraints imposed by conventional photonic
architectures,37,45−49 for the design of freeform waveguides,50

high-quality factor resonant defects and arbitrarily high-order
power splitters,51,52 hollow-core fibers,53 and photonic
bandgap polarizers54 among others.
In this work we experimentally demonstrate that light

absorption in a 1 μm-thick silicon slab is enhanced more than
2-fold in the wavelength range from 400 to 1050 nm when

textured with optimized HUD-based patterns compared to the
unpatterned slab. The resulting absorption is the highest
demonstrated so far in a Si slab as thin as 1 μm. This record
value is achieved by k-space engineering of HUD patterns with
a tailored scattering spectrum and diffractive coupling of solar
irradiation into guided modes of the Si slab. Using our strategy
to light management, we investigate PV efficiency by focusing
on the trade-off between light trapping and increased carrier
recombination given by the nanotextures. We find that the
effect of increased surface-induced charge carrier recombina-
tion on the open circuit potential can be fully compensated by
the large photocurrents. A detailed PV efficiency estimation
reveals that efficiencies above 20% can be obtained for several
optimized HUD designs and state-of-the-art Si PV technolo-
gies. This is a highly remarkable efficiency for such a thin
indirect-bandgap material, which together with the fact that
lower grade raw Si material can be used in such thin devices,
establishes a new breakthrough in thin lightweight and flexible
solar cells.

■ RESULTS
Light Absorption in Films with Disordered Hyper-

uniform Patterns. We demonstrate the power of hyperuni-
form disordered (HUD) patterns for lightweight, flexible, and
efficient photovoltaics, by first focusing on the absorption
properties in ultrathin (∼1 μm) Si. The proposed structure for
the highly efficient Si light absorber is shown in Figure 1a. It
consists of a thin Si slab (1 μm), of which the top 200 nm is
patterned with an optimized HUD pattern. In this case, the
pattern consists of a 2D network of Si walls, that resembles the
honeycomb underlying structure in black butterfly wings.29,56

The Si pattern is infiltrated with a low refractive index medium
by spin coating a polymer resist57 with refractive index of 1.52.
While the infiltrated pattern layer is expected to also reduce
reflectance due to the better index matching with air (npattern ≈
nSi·f + nLRM (1 − f), with f being the Si filling fraction), an
additional layer of resist on top (50−100 nm thick) further
improves antireflectance, referred to as ARC. While the optical

Figure 1. Ultrathin light absorber design. (a) Schematic representation of the ultrathin light absorber consisting of a 1 μm-thick silicon film with
the HUD pattern on the top surface (∼200 nm thick) to improve light trapping. The pattern is infiltrated with a lower refractive index material
(nLRM), which is also used in a top flat layer, ARC, to reduce reflectance (50−100 nm in thickness). Note that the ARC layer is depicted floating
above the nanopattern in the image only for clarity purposes. (b) Optical image of the silicon membrane sample supported by a thick silicon frame
(1 × 1 cm2), where the textures have been fabricated. Inset: Scanning electron image of the as-fabricated Si membrane with the optimized
honeycomb-like HUD network pattern. (c) Absorptance spectra measured for the Si membrane with (red) and without (blue) the HUD pattern
with ARC. The membrane is suspended in air and infiltrated with a polymer resist (nLRM = 1.52) as ARC. The dashed black line corresponds to the
Lambertian limit absorption for 1 μm Si, based on the optical properties given in the literature.55
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review the progress made in trapping light in ultrathin layers, 
including numerical works and experimental demonstrations, and 
we analyse the gap between current optical performances and refer-
ence models. We then discuss advances and challenges in the fab-
rication of ultrathin absorber layers and nanoscale texturation for 
light trapping. Subsequently, we focus on the most promising strate-
gies to ensure efficient charge carrier collection in ultrathin devices, 
tackling key issues of surface passivation and carrier selectivity. 
Finally, we present envisioned architectures for ultrathin solar cells, 
integrating both aspects of light absorption and charge carrier col-
lection, and we draw conclusions on future directions for research 
and applications of ultrathin solar cell technologies.

Benchmarking optical performance of ultrathin solar cells
Light absorption is strongly wavelength dependent and drops with 
decreasing absorber thickness. For example, less than 40% of pho-
tons are absorbed in a single pass above λ = 650 nm for a 2-μm-thick 
c-Si solar cell. Enhancing light absorption in the long wavelength 
range (close to the bandgap) is thus critical to ensure good conver-
sion efficiency in ultrathin solar cells.

Box 1 introduces the concept of light trapping and presents 
three reference models that we use to analyse the performances 
of ultrathin c-Si, GaAs and CIGS solar cells: single-pass absorp-
tion, double-pass absorption and Lambertian scattering. In order 
to compare light-trapping efficiencies, we plot the short-circuit 
current density Jsc as a function of the absorber thickness. Jsc is the 
measure of the number of photogenerated carriers collected in the 
device under sunlight illumination. Assuming a perfect collection 
of photogenerated carriers, the absorption efficiency is equal to the 
external quantum efficiency (EQE) and the short-circuit current is 
given by JSC ¼ q

R
EQEðλÞ ´ ϕAM1:5GðλÞdλ

I
, where q is the electronic 

charge and ϕAM1:5G λð Þ
I

 is the spectral photon flux of the AM1.5G 
solar spectrum. The thickness considered in the benchmark of 
ultrathin solar cells is that of the absorber. Window, buffer and  
back surface field layers, as wide bandgap semiconductors in  

heterojunctions, are not taken into account. In the case of struc-
tured absorbers (textured surfaces, nanowires, and so on), we use 
the equivalent thickness of a planar absorber with the same volume.

We restrict this Review to single-junction solar cells measured 
under the standard AM1.5G solar illumination. Since most studies 
of ultrathin solar cells are still in their infancy, this benchmark is 
not restricted to solar cells independently measured by a recognized 
test centre. We report only on solar cells with an area ≥1 mm2, with 
the exception of ultrathin GaAs solar cells, which have surface areas 
down to 300 x 300 μm2. The complete data set used in the analysis is 
provided in the Supplementary Data.

Ultrathin c-Si solar cells. Most of the experimental Jsc values for 
state-of-the-art c-Si solar cells lie close to the single-pass absorption 
reference curve (Fig. 1). Interestingly, the different fabrication pro-
cesses are clustered in specific thickness ranges. Solar cells thicker 
than 10 μm are typically fabricated by liquid phase epitaxy (LPE), 
CVD, or exfoliated from a silicon wafer. For these absorber thick-
nesses, the light-trapping strategies are limited to the combination 
of an anti-reflection coating (ARC) and a front texturation made 
of micrometre-scale random pyramids, as conventionally used for 
wafer-based silicon cells. Best short-circuit currents reach Jsc = 
37.9 mA cm–2 for 47-μm-thick solar cells13,20. As the c-Si thickness 
decreases, there is a clear increase in the complexity of the strategies 
used to enhance light absorption. Solar cells thinner than 10 μm 
require specific fabrication techniques for the absorber layer (epi-
taxial growth, recrystallization, layer transfer) and submicrometre 
texturation with novel geometries.

In the sub-10-μm range, three noticeable experimental works 
have demonstrated a short-circuit current density exceeding 
double-pass absorption21–23. Their common light-trapping strategy 
is based on the use of a submicrometre front texturing of silicon 
coupled with a metal back reflector.

A short-circuit current of 34.5 mA cm–2 has been achieved  
with 10-μm-thick silicon solar cells21. The light-trapping scheme 
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Fig. 1 | State-of-the-art of ultrathin monocrystalline Si solar cells. a, Jsc of thin (20 μm ≤ t ≤ 100 μm) and ultrathin (<20 μm) c-Si solar cells as a function 
of the absorber thickness10,12,13,20–24,26–32,34–36,75,80–83,87,121–158. Experimental results are indicated with filled coloured triangles and grouped according to the 
crystal growth method (from Si wafers, epitaxy or recrystallization). HWCVD, hot-wire chemical vapour deposition. The use of a layer transfer process 
is shown with a black dot. Jsc values from numerical calculations and absorption measurements are indicated with open triangles. All reported values are 
compared to the reference models defined in Box 1 (curves). The Jsc value of the record-efficiency c-Si solar cell is indicated by an arrow6. b–g, Sketches 
of notable light-trapping schemes used in state-of-the-art thin and ultrathin c-Si cells: micrometre-scale random pyramids10,20,121–126,122 (b), front inverted 
nanopyramid arrays21,22 (c), amorphous ordered nanopatterning23 (d), slanted cones29 (e), front and back nanocone arrays27 (f) and photonic crystals31 (g).
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review the progress made in trapping light in ultrathin layers, 
including numerical works and experimental demonstrations, and 
we analyse the gap between current optical performances and refer-
ence models. We then discuss advances and challenges in the fab-
rication of ultrathin absorber layers and nanoscale texturation for 
light trapping. Subsequently, we focus on the most promising strate-
gies to ensure efficient charge carrier collection in ultrathin devices, 
tackling key issues of surface passivation and carrier selectivity. 
Finally, we present envisioned architectures for ultrathin solar cells, 
integrating both aspects of light absorption and charge carrier col-
lection, and we draw conclusions on future directions for research 
and applications of ultrathin solar cell technologies.

Benchmarking optical performance of ultrathin solar cells
Light absorption is strongly wavelength dependent and drops with 
decreasing absorber thickness. For example, less than 40% of pho-
tons are absorbed in a single pass above λ = 650 nm for a 2-μm-thick 
c-Si solar cell. Enhancing light absorption in the long wavelength 
range (close to the bandgap) is thus critical to ensure good conver-
sion efficiency in ultrathin solar cells.

Box 1 introduces the concept of light trapping and presents 
three reference models that we use to analyse the performances 
of ultrathin c-Si, GaAs and CIGS solar cells: single-pass absorp-
tion, double-pass absorption and Lambertian scattering. In order 
to compare light-trapping efficiencies, we plot the short-circuit 
current density Jsc as a function of the absorber thickness. Jsc is the 
measure of the number of photogenerated carriers collected in the 
device under sunlight illumination. Assuming a perfect collection 
of photogenerated carriers, the absorption efficiency is equal to the 
external quantum efficiency (EQE) and the short-circuit current is 
given by JSC ¼ q

R
EQEðλÞ ´ ϕAM1:5GðλÞdλ

I
, where q is the electronic 

charge and ϕAM1:5G λð Þ
I

 is the spectral photon flux of the AM1.5G 
solar spectrum. The thickness considered in the benchmark of 
ultrathin solar cells is that of the absorber. Window, buffer and  
back surface field layers, as wide bandgap semiconductors in  

heterojunctions, are not taken into account. In the case of struc-
tured absorbers (textured surfaces, nanowires, and so on), we use 
the equivalent thickness of a planar absorber with the same volume.

We restrict this Review to single-junction solar cells measured 
under the standard AM1.5G solar illumination. Since most studies 
of ultrathin solar cells are still in their infancy, this benchmark is 
not restricted to solar cells independently measured by a recognized 
test centre. We report only on solar cells with an area ≥1 mm2, with 
the exception of ultrathin GaAs solar cells, which have surface areas 
down to 300 x 300 μm2. The complete data set used in the analysis is 
provided in the Supplementary Data.

Ultrathin c-Si solar cells. Most of the experimental Jsc values for 
state-of-the-art c-Si solar cells lie close to the single-pass absorption 
reference curve (Fig. 1). Interestingly, the different fabrication pro-
cesses are clustered in specific thickness ranges. Solar cells thicker 
than 10 μm are typically fabricated by liquid phase epitaxy (LPE), 
CVD, or exfoliated from a silicon wafer. For these absorber thick-
nesses, the light-trapping strategies are limited to the combination 
of an anti-reflection coating (ARC) and a front texturation made 
of micrometre-scale random pyramids, as conventionally used for 
wafer-based silicon cells. Best short-circuit currents reach Jsc = 
37.9 mA cm–2 for 47-μm-thick solar cells13,20. As the c-Si thickness 
decreases, there is a clear increase in the complexity of the strategies 
used to enhance light absorption. Solar cells thinner than 10 μm 
require specific fabrication techniques for the absorber layer (epi-
taxial growth, recrystallization, layer transfer) and submicrometre 
texturation with novel geometries.

In the sub-10-μm range, three noticeable experimental works 
have demonstrated a short-circuit current density exceeding 
double-pass absorption21–23. Their common light-trapping strategy 
is based on the use of a submicrometre front texturing of silicon 
coupled with a metal back reflector.

A short-circuit current of 34.5 mA cm–2 has been achieved  
with 10-μm-thick silicon solar cells21. The light-trapping scheme 
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Fig. 1 | State-of-the-art of ultrathin monocrystalline Si solar cells. a, Jsc of thin (20 μm ≤ t ≤ 100 μm) and ultrathin (<20 μm) c-Si solar cells as a function 
of the absorber thickness10,12,13,20–24,26–32,34–36,75,80–83,87,121–158. Experimental results are indicated with filled coloured triangles and grouped according to the 
crystal growth method (from Si wafers, epitaxy or recrystallization). HWCVD, hot-wire chemical vapour deposition. The use of a layer transfer process 
is shown with a black dot. Jsc values from numerical calculations and absorption measurements are indicated with open triangles. All reported values are 
compared to the reference models defined in Box 1 (curves). The Jsc value of the record-efficiency c-Si solar cell is indicated by an arrow6. b–g, Sketches 
of notable light-trapping schemes used in state-of-the-art thin and ultrathin c-Si cells: micrometre-scale random pyramids10,20,121–126,122 (b), front inverted 
nanopyramid arrays21,22 (c), amorphous ordered nanopatterning23 (d), slanted cones29 (e), front and back nanocone arrays27 (f) and photonic crystals31 (g).
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FIG. 1. Geometry of inverted-pyramid-PhC solar cell. Top left: Three-dimensional view of the cell showing different layers. n1 and
n2 are the refractive indices of the double-layer ARC. Cloaking of the top contact could be a possible way to reduce shading loss
[34–37]. Top right: Two-dimensional cross-section view of the unit cell of the PhC. The side-wall angle of the wet-etched pyramid
is 54.7◦ (i.e., h/(a/2) = tan 54.7◦). The thickness of the active layer is H . Bottom: Equivalent 1D model of the solar cell used in the
semiconductor carrier-transport calculations. The blue line represents the schematic of the doping profile of the cell. Nf 0 and Nr0 are
the peak values of the Gaussian dopings of n+ and p+ regions, respectively.

acceptor impurities in the front n+ and rear p+ regions
are characterized by Nf = Nf 0 exp

(
− z2/2σ 2

f
)

and Nr =
Nr0 exp

(
−z2/2σ 2

r
)
, where Nf 0 and Nr0 are the peak donor

and acceptor doping concentrations (cm−3) and σf and
σr are the Gaussian widths (nm). For the n+pp+ cell,
the acceptor doping concentration, NA, throughout the p
region is assumed to be 5 × 1015 cm−3 in all numerical
computations.

The absorbed photon density in the solar cell is com-
puted by finite-difference time-domain simulation [38],
which produces excellent agreement with the experimen-
tally measured absorption spectra of c-Si PhCs [17]. The
Electromagnetic Template Library provides a stable FDTD
scheme for solving Maxwell’s equations with accurate
modeling of the frequency-dependent dielectric function
of Si using modified Lorentz terms [39]. The top-right
panel in Fig. 1 shows the cross section of the unit cell
used for FDTD computations. The rear metal contact of
the cell is modeled as a perfect electric conductor (PEC)
and acts as a back reflector for sunlight. The rear passi-
vation layer is implemented as a 50-nm SiO2 (n = 1.45)

layer. This reduces parasitic absorption losses in real-world
back contact such as silver [13] and justifies our mod-
eling of the back reflector as a PEC. We apply periodic
boundary conditions (PBCs) along the x and y direc-
tions and put perfectly matched layer at the computation
boundaries normal to the z direction. The solar cell is illu-
minated with a normally incident broadband plane wave,
coming from the +z direction, that has significant energy
in 300–1200-nm spectral range. For FDTD computations
without BGN, we calculate the absorbed photon densi-
ties in the 300–1100-nm wavelength range and for those
including BGN, we select the upper limit of the wave-
length (λmax) to be 1200 nm. This choice of λmax includes
two distinct effects. The first one is the electronic-band-
gap narrowing of c-Si, denoted by #Eg (eV) and estimated
with Schenk’s model [29] in our electronic calculations.
The second effect, discussed in Sec. VI, includes a small
amount of additional solar absorption available through
the Urbach tail [30,31] below

(
Eg − #Eg

)
due to phonon-

assisted absorption [32,33]. Here Eg is the unperturbed
electronic band gap of Si. From FDTD computation, we

014005-4

University of Toronto
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1 µm, 35.5 mA/cm² 
J. Appl. Phys. 113, 154315 (2013)

reflection. When the perfect conductor is replaced by a real-
istic silver back-reflector, the MAPD of the fully packaged
structure drops from 32.6 mA/cm2 to 32.3 mA/cm2 in the
spectral range of 400–1100 nm.

In Fig. 9, we present a comparison of reflection obtained
for vertical vs. slanted nano-cones arrays including a realistic
silver back-reflector and a glass modulation on the top. We
see that the slanted-cones array give a substantial reduction of
a reflection coefficient in the spectral range of 800–1100 nm
in comparison with its vertical counterpart.

The MAPD of J¼ 32.6 mA/cm2 obtained for slanted
conical nanopores filled with SiO2 with a perfect conductor
can be improved by removing the SiO2 packaging and sim-
ply filling the nanocones with air and no texturing on the top.
Since the majority of published literature quotes solar cell
absorption characteristics without any SiO2 packaging, we
discuss how the performance of our architecture improves in
the absence of packaging. However, such a packaging may
be essential for passivation of electronic surface states and
overall stability and reliability of the solar cell. Due to a
better index-matching and improved anti-reflection, we
obtain MAPD J¼ 34.2 mA/cm2 in the spectral range of
400–1100 nm, and the MAPD J¼ 35.5 mA/cm2 in the spec-
tral range of 300–1100 nm.

IV. COMPARISON TO STATISTICAL RAY TRAPPING

In this section, we present a detailed comparison of our
solution of Maxwell’s equations in the slanted conical nano-
pore photonic crystal with the statistical ray trapping bench-
mark for a solar cell with the same equivalent bulk thickness
(1 lm) of silicon. Numerical results of this comparison are
presented in Fig. 11. However, in order to clarify the nature
of the ray trapping picture, we present a brief derivation of
its content. In the ray trapping picture, the wave nature of
light is ignored for the most part (except for the requirement
of total internal reflection).

Consider a slab of solid material, with uniform refrac-
tive index n, of thickness L, placed on a perfectly reflecting
flat mirror plane (Fig. 10(a)).

The top surface of the slab is assumed to be rough and
possess three remarkable hypothetical properties:

(i) The surface causes no reflection of incoming light.
(ii) The surface causes total internal reflection of light for

light propagating at an angle (relative to the normal)
greater than a critical angle hc (where sinhc¼ 1/n) but
allows perfect escape of internal light at angles less
than hc.

(iii) The surface is rough and causes both incident light
and total internal reflected light to be randomly re-
directed into an angle h with respect to the normal
within the slab with a probability distribution g(h).

In order to simplify the discussion we replace the above
slab (with perfect mirror) with a mathematically equivalent
free-standing slab of thickness 2L. The equivalent free-
standing slab (Fig. 10(b)) has both top and bottom surfaces
with properties (i)–(iii).

When internal light (with unknown, random angle)
impinges on a surface, it is assigned a probability, p, to
escape the slab (into air). This probability is defined by the
fraction of light within the solid angle of the escape cone
(defined by the condition of total internal reflection) relative
to the total light within the solid angle 2p propagating
toward the surface (Fig. 10(c))

p "
ð2p

0

du
ðhc

0

dh sin hgðhÞ: (3)

In the case of so-called “Lambertian surface” [39], the
normalized probability density is given by gðhÞ ¼ 1

p
cos h; 0 % h % p=2. In this case, an elementary integration of
Eq. (3) yields the result that p¼ 1/n2.

According to the assumed properties (ii) and (iii) it fol-
lows that light can make multiple “bounces” within the slab
(of thickness 2L) before escaping. We define, m, to be the
number traversals of light across the thickness 2L and G(m)
to be the probability that light will make precisely m

FIG. 10. (a)–(c) Geometry for statistical ray trapping: (a) A slab of solid ma-
terial, with uniform refractive index n, of thickness L, placed on a perfectly
reflecting flat mirror plane and hypothetical rough top surface with zero
external reflection but “perfect” internal reflection, (b) the mathematically
equivalent free-standing slab of thickness 2L has both top and bottom surfa-
ces with properties (i)–(iii) (see text), (c) the escape cone from total internal
reflection. For a Lambertian internal probability distribution of light propa-
gation, the escape probability p¼ 1/n2.

FIG. 11. Comparison of the absorption spectrum obtained for slanted conical
nano-pores photonic crystal without SiO2 packaging (see the inset) with the
Lambertian statistical ray trapping limit (5). All geometrical parameters are
the same as in Fig. 6. The elementary cell of the structure is shown in the
inset. Regions 1, 2, 3, and 4 indicate infinite glass substrate, silver back-
reflector, silicon, and cones filled with air, respectively.
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of the HUD patterns in thin Si, as evidenced by the enhanced
absorption. However, in a full solar cell device one must also
consider other effects of nanotexturing on its performance. It is
important to ensure that the gain from light trapping for PV
remains despite the potential penalty of increased surface
recombination, which can strongly affect the performance of
devices with a Si thickness smaller than ∼90 μm, where bulk-
related losses are negligible.5,6 In order to understand the
effects of our HUD-based designs on the PV efficiency, we
consider the full device structure shown in Figure 4a. Now, the
patterned Si film sits on top of a silver metal contact that also
acts as a back reflector. By using interdigitated macroscopic Ag
pads, both the n and p contacts are placed at the rear, which
reduces shading on the front of the cell. This technology,
known as interdigitated back contact (IBC) photovoltaics, has
enabled the highest PV efficiency in Si-based cells.70−72 For
simplicity, in our absorption calculations we consider a
continuous Ag film at the back instead of the interdigitated
pads, which is a fair assumption for optical purposes given their
large characteristic sizes.
We have reoptimized the 3D pattern design taking into

account the Ag back-reflector as part of the full structure. We
also consider an improved ARC configuration, with nLRM =
1.82 and ARC thickness of 72 nm (see Supporting
Information). The resulting absorption spectra (for the Si
layer only) for all the different designs are shown in the
Supporting Information. As expected, the metal back-reflector
and improved antireflection increases light absorption as
compared to that shown in Figure 3g. Note that these account
for absorption in Si only, where parasitic absorption in the
metal would increase the total absorption in the device stack
by an additional 10% in average for wavelengths 600 nm and
above. Interestingly, the three designs offer a highly robust
absorption to changes in the angle of incoming light (see the
angle dependent absorption spectra in the Supporting
Information), which strongly enhances the daily PV power
output.

We have computed the photocurrent, Jphoto, by integrating
the simulated absorbed solar spectrum for the wavelength
range of 300 to 1050 nm. To estimate the PV performance of
our designs we have simulated the current−voltage character-
istics of the solar cell with the PC1D software, where we have
considered Jphoto as input and a bulk lifetime of 0.5 ms
(standard PV grade Si) and surface recombination velocity
(SRV) of 100 cm/s. Given that the absorber thickness is much
smaller than the diffusion length for minority carriers in Si, the
1D approximation used by the PC1D is valid to account for
losses in the short-circuit current. The SRV value of 100 cm/s
is the state-of-the-art in high efficiency Si solar cell devices.1,70

In order to account for the pattern-induced increased surface
area, we have considered an effective SRV by multiplying it by
the surface area increase factor. A more detailed description of
the parameters used in our simulations is given in the
Supporting Information. The table in Figure 4b summarizes
the estimated solar cell performance, in terms of short circuit
current (JSC), open circuit potential (VOC), and PV efficiency
(η), for the optimized HUD hole, HUD network, and spinodal
patterns. For comparison, we have included the theoretical
case of an unpatterned Si membrane (with ARC) and the
current record Si cell, which is 165 μm thick.70

As explained in previous works, the surface recombination
velocity has a minor effect on the short circuit current as the
cell thickness is of the order of the carrier diffusion length6,12,73

and thus the photocurrent is very close to the integrated
absorption (Jphoto ∼ Jabs). Additionally, we assume no external
resistance losses, thus JSC = Jphoto. With the pattern-induced
light trapping, the JSC in 1 μm-thick Si is almost doubled for all
three designs compared to the unpatterned cell (from 18.5
mA/cm2 to 33 mA/cm2), close to the Lambertian value for 1
μm-thick Si (at 35 mA/cm2). At the same time, the estimated
VOC values in our three designs are higher than the best bulk
cell and oscillate around that expected in an unpatterned thin
film. Because of the small volume in a 1 μm film compared to
bulk, the saturated dark current, Jdark, in the cell is only limited

Figure 4. PV efficiency estimation. (a) Full solar cell device design, which includes a Ag back-contact and improved ARC (nLRM = 1.82 and 72 nm
thick). (b) Table summarizing the estimated PV performance parameters from our optical and PC1D device simulations. (c) Color-map indicating
the nonlinear dependence of the maximum PV efficiency on the dark and photocurrents (Jdark and Jphoto, respectively). The white lines are isolines
at the efficiency indicated by the labels. The dashed black line corresponds to the Jphoto given by the Lambertian limit in a 1 μm-thick Si slab. The
dash-dotted lines correspond to the Jphoto derived from our absorption measurements without back-reflector. The data points correspond to the
estimated PC1D efficiencies for the different designs. The efficiency estimated for the unpatterned Si membrane and that for the best demonstrated
bulk Si cell are shown for comparison. The total efficiency is not only affected by increased light trapping, but also by the additional pattern-induced
surface area recombination, reflected in the increased dark current.
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Nanostructured dielectric layers have also been proposed to 
combine point contacts with increased optical reflectance and scat-
tering at the CIGS/Mo interface. SiO2 nanostructures made by NIL 
or nanosphere lithography have been introduced in 500-nm-thick 
CIGS solar cells59,62,63. It is worth noting that these devices can-
not be directly compared to others due to a lower CIGS bandgap 
(~1 eV). A Jsc of 21.6 mA cm–2 (η = 9%) was demonstrated with 
190-nm-thick CIGS deposited on a nanostructured SiO2 layer fab-
ricated by interference lithography64. Still, the light-trapping effi-
ciency of these devices is limited by the low reflectivity of the Mo 
back contact. The choice of alternative materials (ZrN (ref. 65),TCO 
(refs. 66–68)) is constrained by the high temperature of the CIGS 
deposition process. For this reason, highly reflective metals such 
as Au (ref. 69) and Ag (ref. 70) have only been introduced in a super-
strate configuration.

The optical design of light-trapping nanostructures has been 
hampered by the lack of reliable data for the CIGS refractive index 
close to the bandgap and by the presence of a composition gradient. 
Consequently, quantitative comparison between experiments, refer-
ence models and numerical results should be handled with caution. 
Nevertheless, optical modelling has contributed to the assessment 
of optical losses in actual devices62–64,67,69,71 and provides guidelines 
for future designs. The integration of 2D pyramids arrays with a sil-
ver back mirror in a 600-nm-thick CIGS solar cell could lead to Jsc = 
36.4 mA cm–2 (ref. 72). The same Jsc has been predicted for only 150 
nm of CIGS with a periodically nanostructured silver back mirror73. 
To meet these predictions and unlock the performance of ultrathin 
CIGS solar cells, the main technological challenge currently pur-
sued by many groups is the development of a back contact able to 
sustain CIGS deposition temperatures of about 500 °C, provide a 
high optical reflectivity and form an ohmic contact with CIGS with 
low surface recombination.

Fabricating ultrathin absorber layers
The best designs for light trapping consist of a highly reflective back 
mirror combined with nanostructured front/rear surfaces to cou-
ple and guide light in the ultrathin absorber. Making these devices 
entails tackling two issues that will be discussed in this section: the 
fabrication of the ultrathin semiconductor layer and its transfer 
onto a back reflector.

Ultrathin c-Si solar cells. The integration of a back mirror requires 
transfer of a thin film by exfoliation from a thick wafer or by epi-
taxial growth and subsequent lift-off. The conventional process for 
producing silicon wafers out of the ingot uses a wire sawing technol-
ogy. The material removed by the cutting blade (kerf) and wasted, 
about 40%, is likely to increase for ultrathin solar cells11.

The first logical evolution of this technology, named kerfless wafer-
ing, is based on the mechanical exfoliation of a thin Si film from a thick 
wafer. The ‘spalling’ process uses an applied stress to remove a film 
with a predetermined thickness in the range of a few tens of micro-
metres (Fig. 5a). The crack tends to follow a trajectory parallel to the 
film/substrate interface to minimize the shear stress component74. This 
technique has been used for 25-μm-thick c-Si solar cells with 14.9% 
efficiency75. It has also been used for Ge76 and III–V layers, and no 
degradation was observed in spalled GaAs solar cells with efficiency of 
18.4% and Voc = 1.07 V (ref. 77). The simplicity of the technique makes 
it very attractive. However, the feasibility of multiple exfoliations from 
the same ingot over large surface areas and the precise control of the 
fracture depth layer thickness remain to be demonstrated.

The ‘smart-cut’ process provides a way to precisely define the 
fracture interface at a determined depth from a few tens of nano-
metres up to about 10 μm by ion implantation (Fig. 5b)78. It has 
been implemented for silicon-on-insulator wafers destined for chip 
manufacturing and used for proof-of-concept photovoltaic devices 
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• Exp. well under the single-pass
• We need to replace the Mo back contact first!
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Nanostructured dielectric layers have also been proposed to 
combine point contacts with increased optical reflectance and scat-
tering at the CIGS/Mo interface. SiO2 nanostructures made by NIL 
or nanosphere lithography have been introduced in 500-nm-thick 
CIGS solar cells59,62,63. It is worth noting that these devices can-
not be directly compared to others due to a lower CIGS bandgap 
(~1 eV). A Jsc of 21.6 mA cm–2 (η = 9%) was demonstrated with 
190-nm-thick CIGS deposited on a nanostructured SiO2 layer fab-
ricated by interference lithography64. Still, the light-trapping effi-
ciency of these devices is limited by the low reflectivity of the Mo 
back contact. The choice of alternative materials (ZrN (ref. 65),TCO 
(refs. 66–68)) is constrained by the high temperature of the CIGS 
deposition process. For this reason, highly reflective metals such 
as Au (ref. 69) and Ag (ref. 70) have only been introduced in a super-
strate configuration.

The optical design of light-trapping nanostructures has been 
hampered by the lack of reliable data for the CIGS refractive index 
close to the bandgap and by the presence of a composition gradient. 
Consequently, quantitative comparison between experiments, refer-
ence models and numerical results should be handled with caution. 
Nevertheless, optical modelling has contributed to the assessment 
of optical losses in actual devices62–64,67,69,71 and provides guidelines 
for future designs. The integration of 2D pyramids arrays with a sil-
ver back mirror in a 600-nm-thick CIGS solar cell could lead to Jsc = 
36.4 mA cm–2 (ref. 72). The same Jsc has been predicted for only 150 
nm of CIGS with a periodically nanostructured silver back mirror73. 
To meet these predictions and unlock the performance of ultrathin 
CIGS solar cells, the main technological challenge currently pur-
sued by many groups is the development of a back contact able to 
sustain CIGS deposition temperatures of about 500 °C, provide a 
high optical reflectivity and form an ohmic contact with CIGS with 
low surface recombination.

Fabricating ultrathin absorber layers
The best designs for light trapping consist of a highly reflective back 
mirror combined with nanostructured front/rear surfaces to cou-
ple and guide light in the ultrathin absorber. Making these devices 
entails tackling two issues that will be discussed in this section: the 
fabrication of the ultrathin semiconductor layer and its transfer 
onto a back reflector.

Ultrathin c-Si solar cells. The integration of a back mirror requires 
transfer of a thin film by exfoliation from a thick wafer or by epi-
taxial growth and subsequent lift-off. The conventional process for 
producing silicon wafers out of the ingot uses a wire sawing technol-
ogy. The material removed by the cutting blade (kerf) and wasted, 
about 40%, is likely to increase for ultrathin solar cells11.

The first logical evolution of this technology, named kerfless wafer-
ing, is based on the mechanical exfoliation of a thin Si film from a thick 
wafer. The ‘spalling’ process uses an applied stress to remove a film 
with a predetermined thickness in the range of a few tens of micro-
metres (Fig. 5a). The crack tends to follow a trajectory parallel to the 
film/substrate interface to minimize the shear stress component74. This 
technique has been used for 25-μm-thick c-Si solar cells with 14.9% 
efficiency75. It has also been used for Ge76 and III–V layers, and no 
degradation was observed in spalled GaAs solar cells with efficiency of 
18.4% and Voc = 1.07 V (ref. 77). The simplicity of the technique makes 
it very attractive. However, the feasibility of multiple exfoliations from 
the same ingot over large surface areas and the precise control of the 
fracture depth layer thickness remain to be demonstrated.

The ‘smart-cut’ process provides a way to precisely define the 
fracture interface at a determined depth from a few tens of nano-
metres up to about 10 μm by ion implantation (Fig. 5b)78. It has 
been implemented for silicon-on-insulator wafers destined for chip 
manufacturing and used for proof-of-concept photovoltaic devices 
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• Exp. well under the single-pass
• We need to replace the Mo back contact first!

a result, the ITO layer on top of the RBC can be made less conductive

with a reduced carrier density to limit parasitic light absorption in the

infrared.

3.2 | Characterization of ultrathin CIGS layers
coevaporated at 550!C and 500!C

The CIGS deposition temperature has been reported to be a critical

parameter in order to achieve an ohmic back contact with ITO.27,28

For this reason, CIGS layers coevaporated at 550!C and 500!C were

studied. We first detail the effects of temperature on the morphology

and composition profile of CIGS.

Figure 3 compares SEM cross-section images of ultrathin CIGS

layers coevaporated on Mo and RBC for substrate temperatures of

550!C and 500!C. It reveals that large and columnar CIGS grains are

grown at 550!C on Mo while smaller CIGS grains are formed at

500!C, as expected with a lower deposition temperature.35 The

observed CIGS grains are smaller when CIGS is deposited on top of

the RBC and similarly to the case of a Mo back contact their size also

decreases for a coevaporation temperature of 500!C. Besides, the

ITO layer of the RBC appears to be rough when CIGS is coevaporated

at 550!C, while a smooth CIGS/ITO interface and rectangular ITO

grains are obtained for a CIGS deposition temperature of 500!C. To

have a better understanding of the interface between the CIGS layer

and the RBC, the composition profiles of these samples were analyzed

by GD-OES.

CGI and GGI depth profiles of CIGS layers deposited at 550!C or

500!C were determined by GD-OES, as shown in Figure 4. The CGI

depth profiles are found to be constant both for Mo and RBC. In

contrast, graded GGI compositions are observed on Mo back contacts,

with a steeper profile when the CIGS deposition temperature is

decreased from 550!C to 500!C (Figure 4A,B). An increasing GGI ratio

at the back interface of CIGS is known to create a back surface field

that repels electrons toward the front interface.7 Hence, the deposi-

tion of ultrathin CIGS at 500!C and subsequent steeper GGI back

grading should reduce nonradiative recombination at the CIGS rear

interface. The GGI depth profiles of ultrathin CIGS layers grown on

RBC seem to be quite flat through the bulk of the CIGS, with an

increase only near the back contact (Figure 4C,D). This GGI back

grading is also steeper when CIGS is coevaporated on the RBC at

500!C instead of 550!C, similarly to the case of a Mo back contact.

Because of the limited depth resolution of the GD-OES, it is diffi-

cult to assess the evolution of the composition at the CIGS/ITO

F IGURE 2 Reflectance in air of 600 nm thick molybdenum (blue)
and RBC (red), before and after annealing in air at 540!C for 10 min
(dashed and solid lines, respectively)

F IGURE 3 Scanning electron microscopy (SEM) cross-section
images of ultrathin CIGS layers coevaporated on Mo at (A) 550!C and
(B) 500!C, together with cross-sections images of complete ultrathin
CIGS solar cells prepared at (C) 550!Cand (D) 500!C on an RBC
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large spread, in correlation with a voltage-dependent photocurrent.

When the RBC are covered with 3 nm of alumina, the voltage-

dependence of the best cells photocurrent is mitigated (Figure 7), and

the average FF are improved regardless of the coevaporation temper-

ature. Besides, the addition of alumina on ITO dramatically improves

the photovoltaic performance of cells fabricated at 550!C. These ben-

eficial effects of the alumina layer are attributed to the rear passiv-

ation of the CIGS layer, which could be due to the growth of a

smoother Ga oxide layer at the CIGS back interface and/or a chemical

passivation thanks to a reduced interface defects density.9 Neverthe-

less, the best cell prepared at 500!C on Mo exhibits an FF of 75.8%,

as compared to 72.7% in the case of an RBC with alumina. This slight

FF loss is due to an increase of the series resistance (see Supporting

Information), which is expected for alumina layers thicker than

1.5 nm.38 A sufficient current conduction is still achieved and can be

attributed to the presence of openings in the Al2O3 layer.
39

It is worth mentioning that in several previous studies, the pres-

ence of a Ga oxide layer at the CIGS back contact was shown to be

detrimental to cell performances because of an increase of the

series resistance and a current blocking behavior.22,27,28,40,41 In this

work however, the growth of a thick and rough Ga oxide layer led

to a depletion of Ga in the CIGS layer close to its back contact,

which results in a decreased VOC and a voltage-dependent

photocurrent.

The EQE of the best solar cells (Figure 7) indicates that the JSC

improvement enabled by the RBC is related to large resonances at

wavelengths above 650 nm. Figure 8 shows the simulated optical

absorption in each layer of the complete CIGS solar cells prepared at

500!C on Mo and RBC. While the simulated CIGS absorption matches

well the experimental EQE of the solar cell with an RBC, the discrep-

ancies observed in the case of a Mo back contact are attributed to

variations of the thicknesses of the solar cell layers. The simulated

absorption spectra demonstrate that the substantial absorption losses

in Mo (gray area in Figure 8) can be avoided by enhancing the CIGS

back reflectance with an RBC, which in turn increases light absorption

in CIGS.

F IGURE 7 (A,B) IV
characteristics under one-sun
illumination (solid lines) and in the
dark (dashed lines), as well as
(C,D) EQE of best ultrathin solar
cells. CIGS layers were
coevaporated at (A,C) 550!C and
(B,D) 500!C, with back contacts
made of Mo (black), RBC (red) and
RBC covered with a 3 nm thick
Al2O3 layer (blue)

F IGURE 8 Absorption simulated for ultrathin
CIGS solar cells on (A) molybdenum and (B) RBC
substrates using the architectures of the
experimental solar cells made of a CIGS layer
coevaporated at 500!C. The colored areas show
the absorption in each layer. The corresponding
EQE measurements are also shown for
comparison (dark curves)
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Figure 1. (a,b): Sketches of a CIGS solar cell with a nanostructured back mirror. The structure is composed of top ZnO:Al (light blue), i-ZnO (blue), ZnS or
CdS (red), CIGS (green), and a nanostructured mirror (grey) embedded in a dielectric medium (brown). Inset: Sketch of the nanostructured mirror (structure
A: Ag nanogrid ; structure B: Ag nanopillars). (c,d): Absorption spectra of structures A (c) and B (d) calculated for a 150 nm-thick CIGS solar cell with a
silver nanostructured back mirror. Absorption in each layer of the stack is shown (color areas). Absorption in the CIGS layer (green) is compared to results
obtained with a flat back contact made of Mo (dotted line) or Ag (continuous line).

dielectric material embedded between the CIGS layer and the
nanostructured mirror is made of TiO2 and modelled with a
constant refractive index of 1.9. The numerical results obtained
with planar layers of different thicknesses are consistent with
external quantum efficiencies published in reference [10], see
Appendix B.

In the two cases, the geometrical parameters have been
optimized for a cell with a 150 nm-thick CIGS layer, a ZnS
buffer layer and a Ag nanostructured mirror. Structure A is
made of a 100 nm-thick square Ag grid (width: 100 nm,
period: 300 nm). Structure B is made of 175 nm-thick square
Ag pillars (width: 325 nm, period: 575 nm). The unit cells
are composed of 56% of Ag in structure A, and 32% in
structure B. This difference in the fill factor will change
the influence of metallic parasitic absorption as it will be
shown in the next section. These structures will be called
the ”optimized structures” in the rest of this paper. These
geometrical parameters are fixed throughout the paper and
the impact of other materials and CIGS thicknesses will be
investigated.

III. MULTI-RESONANT ABSORPTION

In this section, we first analyze the optical properties
obtained for the optimized structures made of 150 nm-thick
CIGS. Absorption in each layer of the stack is plotted in
Fig. 1c and d (color areas). Very efficient absorption is
achieved in the CIGS layer (green region). It can be compared
to absorption obtained with the same structure composed of a
flat Mo (dotted curve) or Ag back contact (solid curve). The
theoretical short circuit current is calculated as follows:

Jsc =
q

hc

Z �f

�i

A(�)P (�)�d� =
q

S

Z

V
G(r)d3r (1)

where q, h, and c are respectively the electron charge, the
Planck’s constant, and the speed of light. S and V are the
surface area and volume of the absorber, respectively. A(�)
is the calculated absorption in the CIGS layer, P (�) is the
incident spectral power density per unit area associated to the
normalized AM1.5G solar spectrum, and G(r) is the density
of photogeneration rate (number of photogenerated carriers per
unit volume and time). For CIGS solar cells, the Jsc is obtained
by integration over the wavelength range [�i = 300 nm ; �f =

C2N-CNRS
Textured Ag mirror (2D grating)
150 nm, 36.3 mA/cm2

IEEE J. of PV, 7, 1433 (2017)

Adapted from : Massiot, CaWoni, Collin Nat. Energy 5, 959 (2020)
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for a 300-nm-thick GaAs layer40. Light trapping and carrier collec-
tion can also be optimized separately by combining localized ohmic 
contacts and a high-reflectivity silver back mirror41. This idea was 
implemented using a rough back mirror fabricated by simple wet 
chemical etching of an Al0.3Ga0.7Al contact layer and led to an effi-
ciency of 21.4% with Jsc = 24.8 mA cm–2 (ref. 42).

To further enhance light absorption, most recent approaches 
rely on periodic arrangements of nanostructures to excite resonant 
modes. They can be localized in dielectric nanostructures (Mie 
resonances)43 or preferably in the active layer by guided-mode reso-
nances44,45. In the latter case, diffracted waves induced by the grating 
couple to waveguide modes. The spectral position and intensity of 
the resonance peaks can be tuned via the geometry of the nano-
structures so that multiple resonances partially overlap leading to 
broadband absorption enhancement. Using this approach, dielectric 
nanostructure arrays deposited on the front surface of 200-nm-thick 
solar cells resulted in Jsc = 22 mA cm–2 (η = 16.2%)44. An improved 
Jsc of 24.6 mA cm–2 was obtained with a nanostructured back mirror 
fabricated by NIL and combined with localized contacts45. The latest 
result exceeds single-pass absorption by 7 mA cm–2, and has led to a 
certified efficiency of η = 19.9%. A detailed loss analysis shows that 
the same architecture could lead to an efficiency of 25%.

The room left for absorption enhancement is explored by a 
few numerical studies. For very thin structures (25 nm), metal–
semiconductor–metal plasmonic cavities exhibit broadband light 
absorption while keeping planar active layers46. Interestingly, 
another strategy relies on multi-resonant vertical nanostructures 
to induce a series of resonances regularly shifted spectrally47,48. A 
value of Jsc = 28.8 mA cm–2 close to the Lambertian scattering model 
has been predicted with an array of nanocones corresponding to an 
equivalent thickness of 200 nm47. Though the structures proposed 
to date by these numerical studies are limited to simplified solar cell 
structures or exotic geometries difficult to fabricate, they can inspire 
the design of more realistic architectures that may reach or even 

overcome the performances predicted by the Lambertian scattering 
model. For now, nanowire-based solar cells are the closest practical 
example of a three-dimensional approach alternative to thin-film 
solar cells. They take advantage of a selective epitaxial growth and 
light-trapping properties intrinsic to the nanowire geometry and led 
to a record Jsc = 21.4 mA cm–2 demonstrated with axial GaAs p–n 
junctions (equivalent thickness 370 nm, η = 15.3%)49.

Ultrathin CIGS solar cells. Reducing the absorber thickness is 
a promising way to improve the industrial competitiveness of 
CIGS photovoltaic modules, thanks to lower material use and an 
increased throughput50. The conventional structure of a CIGS solar 
cell is made of a CdS/Cu(In,Ga)Se2 heterojunction deposited on a 
molybdenum (Mo) back contact. Front side collection of electrons 
is ensured through undoped and Al-doped ZnO window layers cou-
pled with an ARC. Depending on the CIGS composition, its band-
gap may slightly vary around 1.15–1.2 eV. CIGS absorbers thinner 
than 1 μm have led to many experimental and numerical results, as 
reported in Fig. 4. Remarkably, all the experimental results lie below 
the single-pass absorption.

This loss in Jsc is mainly attributed to parasitic absorption and 
surface recombination. On the front side, parasitic absorption 
occurs in the CdS buffer layer at short wavelengths, independent 
from the absorber thickness. It can be avoided through the use of 
wider bandgap Zn(O,S)-based buffer layers7. On the back side, par-
asitic absorption in the Mo contact resulting from low reflection at 
the CIGS/Mo interface occurs at longer wavelengths and its impact 
increases dramatically for ultrathin CIGS layers51–59. Additionally, 
higher surface recombination is induced in thinner absorbers by 
carriers photogenerated closer to the back contact52. This can be cir-
cumvented using thin (Al2O3, MgF2) passivation layers with nano-
sized point contacts between CIGS and Mo, resulting in Jsc = 31.1 
mA cm–2 (η = 13.5%) for 385-nm-thick CIGS absorbers60, and Jsc = 
23.3 mA cm–2 (η = 11.8%) for 240-nm-thick CIGS61.
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In order to increase the absorptance near the bandgap of optically

thin solar cells, light‐trapping schemes need to be employed. Silicon

has the advantageous property that simple wet chemistry can yield

pyramid‐like textures, which possess excellent light‐trapping charac-

teristics.13 For III‐V solar cells however, light‐trapping schemes based

on simple wet etches that directly texture the semiconductor surface

have not been reported. Typical strategies to incorporate light trap-

ping in III‐V cells employ plasmonic scatterers,14 nanostructured win-

dow layers,15-17 and (dielectric) nanostructures at the rear18-20 or

periodic gratings for (multi)resonant absorption.21,22 Despite the suc-

cess of these methods in increasing the absorptance, they can typically

be experimentally challenging, difficult to upscale or introduce sub-

stantial parasitic optical or electrical losses into the cells.

In this work, we demonstrate a simple light‐trapping scheme for

ultrathin GaAs solar cells based on wet chemistry that is fully compat-

ible with standard cell processing and does not introduce parasitic

losses. A photoresist pattern is first applied to the rear‐side

Al0.3Ga0.7As contact layer to produce local Ohmic contact points.

The semiconductor area in between the contact points is then tex-

tured using a simple 1‐minute dip in a diluted NaOH/H2O2 solution.

We characterize the resulting surface morphology using optical

microscopy, atomic force microscopy (AFM), and scanning electron

microscopy (SEM). Scattering properties are characterized by diffuse

reflectance measurements of bare and Ag‐coated textured surfaces.

Finally, we integrate the textured contact layer in a thin‐film GaAs

solar cell employing an Ag rear mirror deposited directly on the tex-

tured contact layer. Significant improvements in short‐circuit current

density (JSC) are realized, and the texture is shown to increase the

external luminescent efficiency.

2 | RESULTS AND DISCCUSION

2.1 | The light‐trapping scheme

A schematic representation of the proposed light‐trapping architec-

ture is shown in Figure 1. It comprises an ultrathin (300 nm) GaAs

absorber layer cladded by wide‐bandgap charge‐selective passivating

layers and highly doped contact layers. An Ag mirror provides a

high reflectivity at the rear side. An approach recently adopted by sev-

eral groups to increase this reflectivity even further involves pattern-

ing the rear‐side contact layer to produce local Ohmic contact

points.23-26 A wet etching step is typically employed to completely

remove the contact layer in between the local Ohmic contact points.

In the present work, this is done to fabricate planar reference cells

on one‐half of a wafer (left‐hand side of Figure 1) using a regular

polishing etchant based on diluted NH4OH/H2O2. On the other half

of the wafer, cells with a textured rear mirror are fabricated (right‐

hand side of Figure 1). To this end, we introduce a novel etchant based

on diluted NaOH/H2O2 that directly textures the Al0.3Ga0.7As contact

layer surface. By subsequently evaporating the Ag rear contact, a dif-

fusive mirror is formed, which reflects photons not absorbed in the

first pass through GaAs under oblique angles back into the cell, cou-

pling them into quasi‐guided modes. Wide‐bandgap Al0.3Ga0.7As (Eg

≈ 690 nm) is used as contact layer material in order to reduce

parasitic absorption in the remaining contact layer after the

texturization etch.

2.2 | The texturization process

We first characterize the surface obtained by etching the Al0.3Ga0.7As

contact layer for 1 minute in the texturization etchant consisting of

0.12M NaOH and 0.39M H2O2. We use dedicated small samples

with an inverted solar cell structure with 700 nm of Al0.3Ga0.7As as

the last grown layer without local Ohmic contact points (see Section

4). After the 1‐minute texturization etch, the etch depth is typically

around 140 nm. The etch rate in the first seconds is rather high

(>600 nm/min, determined from in‐situ reflection measurements)

but drops to below 100 nm/min because the solution is not agitated.

In Figure 2, the textured semiconductor surface is compared with the

surface obtained using a polishing etchant (diluted NH4OH/H2O2) by

means of optical microscopy (bright and dark field) and energy disper-

sive scanning electron microscopy (SEM‐EDS). Both samples were

FIGURE 1 Schematic representation of the cell structure for the applied light‐trapping scheme. The planar reference cells and wet chemically
textured cells are fabricated on the same wafer [Colour figure can be viewed at wileyonlinelibrary.com]
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for a 300-nm-thick GaAs layer40. Light trapping and carrier collec-
tion can also be optimized separately by combining localized ohmic 
contacts and a high-reflectivity silver back mirror41. This idea was 
implemented using a rough back mirror fabricated by simple wet 
chemical etching of an Al0.3Ga0.7Al contact layer and led to an effi-
ciency of 21.4% with Jsc = 24.8 mA cm–2 (ref. 42).

To further enhance light absorption, most recent approaches 
rely on periodic arrangements of nanostructures to excite resonant 
modes. They can be localized in dielectric nanostructures (Mie 
resonances)43 or preferably in the active layer by guided-mode reso-
nances44,45. In the latter case, diffracted waves induced by the grating 
couple to waveguide modes. The spectral position and intensity of 
the resonance peaks can be tuned via the geometry of the nano-
structures so that multiple resonances partially overlap leading to 
broadband absorption enhancement. Using this approach, dielectric 
nanostructure arrays deposited on the front surface of 200-nm-thick 
solar cells resulted in Jsc = 22 mA cm–2 (η = 16.2%)44. An improved 
Jsc of 24.6 mA cm–2 was obtained with a nanostructured back mirror 
fabricated by NIL and combined with localized contacts45. The latest 
result exceeds single-pass absorption by 7 mA cm–2, and has led to a 
certified efficiency of η = 19.9%. A detailed loss analysis shows that 
the same architecture could lead to an efficiency of 25%.

The room left for absorption enhancement is explored by a 
few numerical studies. For very thin structures (25 nm), metal–
semiconductor–metal plasmonic cavities exhibit broadband light 
absorption while keeping planar active layers46. Interestingly, 
another strategy relies on multi-resonant vertical nanostructures 
to induce a series of resonances regularly shifted spectrally47,48. A 
value of Jsc = 28.8 mA cm–2 close to the Lambertian scattering model 
has been predicted with an array of nanocones corresponding to an 
equivalent thickness of 200 nm47. Though the structures proposed 
to date by these numerical studies are limited to simplified solar cell 
structures or exotic geometries difficult to fabricate, they can inspire 
the design of more realistic architectures that may reach or even 

overcome the performances predicted by the Lambertian scattering 
model. For now, nanowire-based solar cells are the closest practical 
example of a three-dimensional approach alternative to thin-film 
solar cells. They take advantage of a selective epitaxial growth and 
light-trapping properties intrinsic to the nanowire geometry and led 
to a record Jsc = 21.4 mA cm–2 demonstrated with axial GaAs p–n 
junctions (equivalent thickness 370 nm, η = 15.3%)49.

Ultrathin CIGS solar cells. Reducing the absorber thickness is 
a promising way to improve the industrial competitiveness of 
CIGS photovoltaic modules, thanks to lower material use and an 
increased throughput50. The conventional structure of a CIGS solar 
cell is made of a CdS/Cu(In,Ga)Se2 heterojunction deposited on a 
molybdenum (Mo) back contact. Front side collection of electrons 
is ensured through undoped and Al-doped ZnO window layers cou-
pled with an ARC. Depending on the CIGS composition, its band-
gap may slightly vary around 1.15–1.2 eV. CIGS absorbers thinner 
than 1 μm have led to many experimental and numerical results, as 
reported in Fig. 4. Remarkably, all the experimental results lie below 
the single-pass absorption.

This loss in Jsc is mainly attributed to parasitic absorption and 
surface recombination. On the front side, parasitic absorption 
occurs in the CdS buffer layer at short wavelengths, independent 
from the absorber thickness. It can be avoided through the use of 
wider bandgap Zn(O,S)-based buffer layers7. On the back side, par-
asitic absorption in the Mo contact resulting from low reflection at 
the CIGS/Mo interface occurs at longer wavelengths and its impact 
increases dramatically for ultrathin CIGS layers51–59. Additionally, 
higher surface recombination is induced in thinner absorbers by 
carriers photogenerated closer to the back contact52. This can be cir-
cumvented using thin (Al2O3, MgF2) passivation layers with nano-
sized point contacts between CIGS and Mo, resulting in Jsc = 31.1 
mA cm–2 (η = 13.5%) for 385-nm-thick CIGS absorbers60, and Jsc = 
23.3 mA cm–2 (η = 11.8%) for 240-nm-thick CIGS61.
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for a 300-nm-thick GaAs layer40. Light trapping and carrier collec-
tion can also be optimized separately by combining localized ohmic 
contacts and a high-reflectivity silver back mirror41. This idea was 
implemented using a rough back mirror fabricated by simple wet 
chemical etching of an Al0.3Ga0.7Al contact layer and led to an effi-
ciency of 21.4% with Jsc = 24.8 mA cm–2 (ref. 42).

To further enhance light absorption, most recent approaches 
rely on periodic arrangements of nanostructures to excite resonant 
modes. They can be localized in dielectric nanostructures (Mie 
resonances)43 or preferably in the active layer by guided-mode reso-
nances44,45. In the latter case, diffracted waves induced by the grating 
couple to waveguide modes. The spectral position and intensity of 
the resonance peaks can be tuned via the geometry of the nano-
structures so that multiple resonances partially overlap leading to 
broadband absorption enhancement. Using this approach, dielectric 
nanostructure arrays deposited on the front surface of 200-nm-thick 
solar cells resulted in Jsc = 22 mA cm–2 (η = 16.2%)44. An improved 
Jsc of 24.6 mA cm–2 was obtained with a nanostructured back mirror 
fabricated by NIL and combined with localized contacts45. The latest 
result exceeds single-pass absorption by 7 mA cm–2, and has led to a 
certified efficiency of η = 19.9%. A detailed loss analysis shows that 
the same architecture could lead to an efficiency of 25%.

The room left for absorption enhancement is explored by a 
few numerical studies. For very thin structures (25 nm), metal–
semiconductor–metal plasmonic cavities exhibit broadband light 
absorption while keeping planar active layers46. Interestingly, 
another strategy relies on multi-resonant vertical nanostructures 
to induce a series of resonances regularly shifted spectrally47,48. A 
value of Jsc = 28.8 mA cm–2 close to the Lambertian scattering model 
has been predicted with an array of nanocones corresponding to an 
equivalent thickness of 200 nm47. Though the structures proposed 
to date by these numerical studies are limited to simplified solar cell 
structures or exotic geometries difficult to fabricate, they can inspire 
the design of more realistic architectures that may reach or even 

overcome the performances predicted by the Lambertian scattering 
model. For now, nanowire-based solar cells are the closest practical 
example of a three-dimensional approach alternative to thin-film 
solar cells. They take advantage of a selective epitaxial growth and 
light-trapping properties intrinsic to the nanowire geometry and led 
to a record Jsc = 21.4 mA cm–2 demonstrated with axial GaAs p–n 
junctions (equivalent thickness 370 nm, η = 15.3%)49.

Ultrathin CIGS solar cells. Reducing the absorber thickness is 
a promising way to improve the industrial competitiveness of 
CIGS photovoltaic modules, thanks to lower material use and an 
increased throughput50. The conventional structure of a CIGS solar 
cell is made of a CdS/Cu(In,Ga)Se2 heterojunction deposited on a 
molybdenum (Mo) back contact. Front side collection of electrons 
is ensured through undoped and Al-doped ZnO window layers cou-
pled with an ARC. Depending on the CIGS composition, its band-
gap may slightly vary around 1.15–1.2 eV. CIGS absorbers thinner 
than 1 μm have led to many experimental and numerical results, as 
reported in Fig. 4. Remarkably, all the experimental results lie below 
the single-pass absorption.

This loss in Jsc is mainly attributed to parasitic absorption and 
surface recombination. On the front side, parasitic absorption 
occurs in the CdS buffer layer at short wavelengths, independent 
from the absorber thickness. It can be avoided through the use of 
wider bandgap Zn(O,S)-based buffer layers7. On the back side, par-
asitic absorption in the Mo contact resulting from low reflection at 
the CIGS/Mo interface occurs at longer wavelengths and its impact 
increases dramatically for ultrathin CIGS layers51–59. Additionally, 
higher surface recombination is induced in thinner absorbers by 
carriers photogenerated closer to the back contact52. This can be cir-
cumvented using thin (Al2O3, MgF2) passivation layers with nano-
sized point contacts between CIGS and Mo, resulting in Jsc = 31.1 
mA cm–2 (η = 13.5%) for 385-nm-thick CIGS absorbers60, and Jsc = 
23.3 mA cm–2 (η = 11.8%) for 240-nm-thick CIGS61.
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Fig. 3 | State-of-the-art of ultrathin GaAs solar cells. a, Short-circuit current density (Jsc) of thin (>400 nm) and ultrathin (<400 nm) GaAs solar cells 
as a function of the absorber thickness3,38–49,159–164. Experimental results are indicated with filled circles. Jsc values from numerical calculations are indicated 
with open circles. All reported values are compared to the reference models defined in Box 1 (curves). The Jsc value of the best-efficiency GaAs solar 
cell is indicated by an arrow. b–e, Sketches of notable advanced light-trapping schemes used in state-of-the-art ultrathin GaAs cells: front dielectric 
nanostructure arrays43,44 (b,c), nanostructured back mirror45 (d) and nanowire arrays49 (e).
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EQE exhibits less pronounced resonances due to fabrication imper-
fections, but a similar average absorption. The cross-sectional maps 
of the generation rates displayed in Fig. 3c for 1-µm-thick GaAs solar 
cells and structures A, B and C illustrate the spectacular increase in 
the density of photogenerated carriers as a result of efficient light 
trapping in a 205-nm-thick GaAs layer.

To gain more insight into the mechanism of the optical resonances, 
labelled α, β and γ in Fig. 3b, we calculate 1 − R, where R is the specular 
reflectance at normal incidence as a function of the wavelength and 
grating period p. Figure 3e shows the result obtained for a nanostruc-
tured TiO2/Ag back mirror with a fixed grating height of h = 120 nm 
and a square width-to-period ratio of d/p = 0.6. This dispersion dia-
gram features numerous resonances with two different behaviours. 
In the 400–600 nm wavelength range, absorption peaks are insensi-
tive to the grating period. These resonances are attributed to vertical 
Fabry–Perot (FP) modes. The same features can be observed with a 
flat mirror, and the resonance wavelengths depend mainly on the total 
thickness of the layer stack. The resonant conditions are given by

∑ φ+ = πk h q2 2 (1)i z i i,

where kz,i = 2πni/λ is the z-component wavevector at normal inci-
dence in layer i (thickness hi and refractive index ni), λ is the 

wavelength and the integer q defines the FP order. The phase change 
# induced by reflection at the top and bottom interfaces is evaluated 
from the complex Fresnel coefficients. The result is shown in Fig. 
3e (green dashed lines) for the two FP resonances α1 and α2 found 
at short wavelengths. They correspond to FP orders q = 6 and q = 7 
(labelled FP6 and FP7, respectively). The low contrast of these reso-
nance peaks is due to the high absorption and efficient DLARC in 
this wavelength range.

In the long-wavelength range (λ > 600 nm), the absorption peaks 
exhibit a strong period dependence and are attributed to guided-
mode resonances. The grating scatters light into diffracted waves of 
orders (m1,m2) defined by their in-plane wavevectors:

= + π + π
∥ ∥ m

p
m

p
k k e e2 2

(2)m m x y( , ) (00) 1 21 2

where ∥k (00)  is the in-plane wavevector of incident waves and 
(m1,m2) are integers. The additional in-plane momentum induced by 
the grating allows coupling through either transverse-electric (TE) 
or transverse-magnetic (TM) guided waves propagating in the solar 
cells. The approximate resonance wavelengths are calculated using a 
model of the planar waveguide35, taking into account the quasi-peri-
odic boundary condition for the in-plane component (equation (2)).  

Ni/Ge/Au front
contact on n-GaAs
MgF2/Ta2O5
DLARC

Ag mirror and
back contact

Adhesive

p = 700 nm

a

b c
Contact layer
AlInP window
GaAs absorber

AlGaAs BSF

Nanoimprinted TiO2

Ag mirror 500 nm
1 µm

1. Localized back contact 2. Nanoimprinted  TiO2 3. Ag mirror deposition Bonding and GaAs
substrate removal

5. Front contact and ARC

Ti/Au on p-GaAs

4.

AlGaAs BSF

Fig. 1 | Fabrication process for ultrathin GaAs solar cells with a nanostructured back mirror. a, Sketches of the main fabrication steps. b, SEM image of 
nano-imprinted TiO2 periodic structures before Ag mirror deposition. Inset: cross-section of the TiO2. Scale bar, 1μm. c, SEM cross-sectional view after 
removing the GaAs substrate, showing the Ag nanostructured back mirror.
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Solar cell epitaxially
grown upside-down at

Supplementary	 Table	 1:	Description	of	 the	 III-V	 semiconductor	 layers	 grown	by	MOVPE.	The	growth	
sequence	begins	from	the	bottom	to	the	top	of	the	table.	Target	thickness	and	doping	level	of	each	layer	
are	indicated.	

Material	 Function	 Thickness	(nm)	 Doping	(cm-3)	

p-GaAs	 Contact	layer	 300	 9.0E+18	

p-Al0.4Ga0.6As	 BSF	 100	 2.0E+18	

p-GaAs	 Base	 100	 1.0E+18	

i-GaAs	

	

5	 i	

n-GaAs	 Emitter	 100	 -1.0E+18	

n-AlInP	 Window	 25	 -2.0E+18	

n-Ga0.87In0.13As	 Cap	(Si)	layer	 100	 -5.0E+18	

n-GaAs	 Cap	(Si)	layer	 250	 -9.0E+18	

n-AlGaAs	 Etch	stop	 300	 -1.0E+18	

n-GaAs	 Buffer	 250	 -5.0E+18	

	

	 	

n-GaAs

n-AlInP 
window

p-i-n absorber
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EQE – Num. vs Exp.

Predicted JSC
th= 25.6 mA/cm2 ← Exp. JSC

exp = 24.8 mA/cm2

Num. Exp.

Exp. no “fingers” shadowing → 
JSC

epx= 25.2 mA/cm2
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I-V, EQE

JSC
th= 25.6 mA/cm2 (num.) JSC

exp.= 24.64 mA/cm2 (Exp.) ∆JSC = -0.8 mA/cm2

+ 11.9 mA/cm2 (48%) compared single-pass abs.
+ 3.6 mA/cm2 (15%) compared flat Ag mirror

H.L. Chen, A. Cattoni et al., Nature Energy, 4, 761 (2019)

ARTICLESNATURE ENERGY

EQE exhibits less pronounced resonances due to fabrication imper-
fections, but a similar average absorption. The cross-sectional maps 
of the generation rates displayed in Fig. 3c for 1-µm-thick GaAs solar 
cells and structures A, B and C illustrate the spectacular increase in 
the density of photogenerated carriers as a result of efficient light 
trapping in a 205-nm-thick GaAs layer.

To gain more insight into the mechanism of the optical resonances, 
labelled α, β and γ in Fig. 3b, we calculate 1 − R, where R is the specular 
reflectance at normal incidence as a function of the wavelength and 
grating period p. Figure 3e shows the result obtained for a nanostruc-
tured TiO2/Ag back mirror with a fixed grating height of h = 120 nm 
and a square width-to-period ratio of d/p = 0.6. This dispersion dia-
gram features numerous resonances with two different behaviours. 
In the 400–600 nm wavelength range, absorption peaks are insensi-
tive to the grating period. These resonances are attributed to vertical 
Fabry–Perot (FP) modes. The same features can be observed with a 
flat mirror, and the resonance wavelengths depend mainly on the total 
thickness of the layer stack. The resonant conditions are given by

∑ φ+ = πk h q2 2 (1)i z i i,

where kz,i = 2πni/λ is the z-component wavevector at normal inci-
dence in layer i (thickness hi and refractive index ni), λ is the 

wavelength and the integer q defines the FP order. The phase change 
# induced by reflection at the top and bottom interfaces is evaluated 
from the complex Fresnel coefficients. The result is shown in Fig. 
3e (green dashed lines) for the two FP resonances α1 and α2 found 
at short wavelengths. They correspond to FP orders q = 6 and q = 7 
(labelled FP6 and FP7, respectively). The low contrast of these reso-
nance peaks is due to the high absorption and efficient DLARC in 
this wavelength range.

In the long-wavelength range (λ > 600 nm), the absorption peaks 
exhibit a strong period dependence and are attributed to guided-
mode resonances. The grating scatters light into diffracted waves of 
orders (m1,m2) defined by their in-plane wavevectors:

= + π + π
∥ ∥ m

p
m

p
k k e e2 2

(2)m m x y( , ) (00) 1 21 2

where ∥k (00)  is the in-plane wavevector of incident waves and 
(m1,m2) are integers. The additional in-plane momentum induced by 
the grating allows coupling through either transverse-electric (TE) 
or transverse-magnetic (TM) guided waves propagating in the solar 
cells. The approximate resonance wavelengths are calculated using a 
model of the planar waveguide35, taking into account the quasi-peri-
odic boundary condition for the in-plane component (equation (2)).  

Ni/Ge/Au front
contact on n-GaAs
MgF2/Ta2O5
DLARC

Ag mirror and
back contact

Adhesive

p = 700 nm

a

b c
Contact layer
AlInP window
GaAs absorber

AlGaAs BSF

Nanoimprinted TiO2

Ag mirror 500 nm
1 µm

1. Localized back contact 2. Nanoimprinted  TiO2 3. Ag mirror deposition Bonding and GaAs
substrate removal

5. Front contact and ARC

Ti/Au on p-GaAs

4.

AlGaAs BSF

Fig. 1 | Fabrication process for ultrathin GaAs solar cells with a nanostructured back mirror. a, Sketches of the main fabrication steps. b, SEM image of 
nano-imprinted TiO2 periodic structures before Ag mirror deposition. Inset: cross-section of the TiO2. Scale bar, 1μm. c, SEM cross-sectional view after 
removing the GaAs substrate, showing the Ag nanostructured back mirror.
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Jsc = 24.64 mA cm–2
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Efficiency = 19.9%

0 0.2 0.4 0.6 0.8 1.0 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Wavelength (µm)

0

0.2

0.4

0.6

0.8

1

E
Q

E
, 1

 −
 R

1 − R
EQE Jsc = 24.39 mA cm–2

a b

Fig. 2 | Best ultrathin solar cell based on a 205-nm-thick GaAs absorber and a nanostructured Ag mirror. a,b, J–V characteristics (a) and EQE (b) of the 
19.9%-efficient solar cell with an aperture area of 4.02!mm2 measured at the Fraunhofer ISE calibration laboratory under standard conditions (AM1.5G, 
1,000!W!m−2, 25!°C). The black curve of 1!−!R (R, specular reflectance) in b exhibits multi-resonant features in agreement with the EQE.

NATURE ENERGY | www.nature.com/natureenergy
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Detailed loss analysis and path to 25%

Ag

ARC
AlInP (25 nm)

GaAs (205 nm)

AlGaAs (100 nm)
TiO2

Glass

n=1.25

ARC
AlInP (25 nm)

GaAs (205 nm)

AlGaAs (100 nm)
a-Si

Ag
Glass

unpublished
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• Lowering parasitic absorption in Ag mirror (↑ JSC)

• Optimized front contact design (↑ JSC, FF)

• Larger surface area: 3 × 3 → 10 × 10 mm (↑ VOC)

JSC= 24.64 → 28 mA/cm2

FF = 0.792 → 0.857 𝛈th = 25.1%

VOC = 1.022 → 1.045 V

UnpublishedH.L. Chen, A. Cattoni et al., Nature Energy, 4, 761 (2019)
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Low-cost nano-structuration

mask

resist resist

mask

Fan et al., Microelectr. Engineer. 155, 
55 (2016)
Solak et al., Opt. Express 19, 10686 
(2011)

Wolf et al., Microelectr. Engineer.
98, 293 (2012)
Blasi et al., Energy Procedia 8, 712 
(2011)

Massiot et al., Nanoscale 8, 
11461 (2016) 
Piechulla, Adv. Optical 
Mater. 6, 1701272 (2018)

---
++ ++ + + +

-

Nanospheres 
lithography

2 μm

Gao et al., Nano Letters 
15, 4591 (2015)

Talbot 
Lithography

Interference 
Lithography

Sparse Nanospheres 
lithography

Polymer blend 
lithography

Buencuerpo et al., Nano 
Energy 96, 107080 (2022)

Nanoimprint 
lithography

Roll-to-plate
Nanoimprint

Nanopatterning	by	
Replication	
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Nanoimprint Lithography (NIL)

S.Y. Chou et al., APL 67, 3114 (1995)

hard mold

resist

substrate

2) Pattern Transfer by Reactive Ion Etching

1) Imprinting at high pressure and temperature

residual layer

Anti-sticking 
treatment

100nm

100nmLPN

LPN

• Parallel process (like optical lithography)

• No diffraction-limited

• No proximity effects

5.2.1 Nanoimprint Stamps

As amaster in the replication process, the stamp plays the key role in replicating
nanoscale structures in polymer, because the replicated structures are only as
good as the master structures. For thermal press nanoimprint, the stamp is
made of hard material and should be able to withstand heating and pressure
without significant wear. Nanoimprint stamps can be made of many materials.
However, they have to be compatible with conventional lithography process.
The commonly used materials for stamps are silicon, silicon dioxide, silicon
nitride, or various metals. For nanoimprinting of sub-100 nm features, the
stamps are exclusively made by e-beam lithography patterning of resist and
then transferred into substrate materials. Making sub-100 nm patterns by
e-beam lithography has its own problems, such as proximity effect, which has
been extensively discussed in Chapter 3. Once the resist patterns are made, they
can be transferred byRIE to silicon, or silicon dioxide, or silicon nitride layer on
silicon. They can also be transferred by lift-off to make metal structures on
silicon. A range of metallic materials can be used, such as gold, aluminum, or
chrome. For high-resolution e-beam lithography, PMMA is the best choice of
resist. However, PMMA is known to have poor selectivity in RIE. In this case,
PMMA can be used as an intermediate imaging layer. After development of
PMMA, a lift-off of thin chrome layer (!20 nm) is carried out to transfer
PMMA pattern into chrome pattern (be aware of the change of pattern polar-
ity). Then the chrome pattern is used as etch mask to etch into silicon, silicon
dioxide, or silicon nitride up to 400-nm depth [5].

Stampsmade of lift-off metal do not last very long because themetal patterns
do not always stick well to silicon substrate. Stamps made of oxide or nitride are
much more durable. However, silicon substrate is a brittle material. It can be
easily broken under a nonuniform pressure load. The best and most durable
stamp is made of nickel. The nickel stamp fabrication process is schematically
illustrated in Fig. 5.3. The fabrication starts with e-beam lithography of PMMA
resist on standard silicon wafer. After development of exposed PMMA, a thin
metal layer (10–20 nm) of either gold or nickel is coated to cover the whole
surface of PMMA layer. Then electroplating of nickel is carried out using the

t (Time)

t (Time)

Tg

(Temperature) T

(Pressure) P

Fig. 5.2 Temperature and
pressure evolution during
thermal press
nanoimprinting

164 5 Nanofabrication by Replication

• Hight Temperature: T > glass transition 
temperature of the thermoplastic resist

• High Pressure: in order to have conformal adhesion 
and homogeneous residual layer)
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Nanoimprint Lithography: variations on a Theme

• High Pressure
• Hight Temperature

T NIL

• Lower Pressure
• Room Temperature

APL 84,  5299 (2004)

UV NIL / Step&Flash

• Low Pressure (< 1 atm)
• Room Temperature
• Cheap
• Flexible/curved substr.

Langmuir 18, 5314 (2000)

Soft UV NIL

J. Vac. Sci. Tech. B 15, 2897 (1997)
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SoF UV Nanoimprint Lithography (SoF-UV NiL)

2) Replica in a cheap and flexible polymeric stamp

hard-PDMS/PDMS stamp (LPN) IPS Polimer (Obducat)

1)Pour of pre-polymer PDSM on Si master

2)Thermal curing & peel-off of the PDMS stamp

Si master

1)T-NIL in flexible polymer foil

2)Peel-off of the polymer foil

Si master

Documentation for PMMA particle coated wafers from Halle, Germany 

Sample Numbers: 

2022060803 #1, #2 

Substrates: p-type (Boron), 100 orientation, 200 µm thickness (handle with care, use plastic tweezers) 

Particle coating: 

• Functionalization (before particle coating): approx. 11 nm Al203 (ALD) 
• Both wafers coated with the same parameters (499 nm diameter PMMA, see below for 

distribution) 
• #1: As deposited, spherical particles 
• #2: Heat treated after coating,  

o 30min @ 155°C 
o Dome shaped particles  

Visual appearance: 

• Front side: homogenously coated 
• Backside: Some residue particles, inhomogeneous 

 

 

 

  

1) Silicon master mold fabricated by a “low-cost” pacerning method
E-beam lithograpphy and RIE Sparse nano-spheres lithograpphy and RIE
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Poly(dimethylsiloxane) (PDMS)
• Elastomer: conformal contact with a (non)planar surface on without applying any pressure

• Low surface energy (22 mJ m–2): simple peel off (large surface area)

• Chemically inert

• Optically transparent (UV curing)

• Low Young’s modulus (≈2 MPa) → Structure collapse if h/a is too large

→ Fails to replicate sub-100 nm structures

reported in 1993 might not be perfect. The choice of PDMS for making the
stamp might just be because it was cheap and easy to shape into a stamp.
However, the concept has been taken up by many research groups around the
world in the following decade. The word ‘‘soft lithography’’ was coined [71], and
like the nanoimprint since it was proposed, many variations of soft lithographic
technique have been developed, such as microcontact printing (mCP), replica
molding (REM), microstransfer molding (mTM), micromolding in capillaries
(MIMIC), and solvent-assisted micromolding (SAMIM) [72]. It has become an
important replication technique parallel to the NIL technology.

5.6.1 Soft Stamps

Soft stamps are the key components in the whole array of soft lithography
techniques.Why soft? It is because a soft stamp allows intimate contact between
stamp surface and substrate surface even when the substrate surface is rough or
non-flat. Unlike nanoimprint in which a stamp embosses into a polymer layer
by external pressure, soft lithography transfers the ink pattern simply by surface
contact. PDMS was the earliest and still is the primary choice of material.
PDMS has many wonderful properties which are well suited for soft lithogra-
phy [73]: (1) as an elastomer, PDMS is deformable and can easily make
conformal contact with a nonplanar surface on micrometer scale. The elastic
nature and low surface energy (!22mJm–2) also allows it to be peeled off easily.
On the other hand, the surface energy can be increased by oxygen plasma
treatment so that surface binding becomes irreversible. (2) PDMS is chemically
inert. It is resistant tomany diluted acids and stable against many solvents and a
good etch mask for RIE of silicon as well. (3) PDMS is optically transparent
down to wavelength of 300 nm. Therefore, it is possible to use PDMS as a mold
for UV curing imprint.

However, the very fact of softness of PDMS also causes several drawbacks in
soft lithography, particularly, when trying to pattern sub-100 nm features. As
schematically shown in Fig. 5.32, the low tensile modulus (!1.8 MPa) can lead
to pattern structure collapse if h/a is too large, or to pattern sagging if w/a is too

(a) (b)

h

a w 

Fig. 5.32 Distortion of PDMS stamp: (a) pattern collapse due to high aspect ratio and close
packed structures, and (b) pattern sagging due to large span and shallow cavity features

5.6 Soft Lithography 197

→ « Hard-PDMS »/PDMS bi-lauyer stamp

1) Si master mold by
EBL and dry-etching

2) Spin-coaSng of 
pre-polymer hard-PDMS

3) Casting of PDMS,
soft baking 60 °C

4) Demolding,
anti-sticking treatment

Odom et al, Langmuir 18, 5314 (2000)
“Soft UV Nanoimprint Lithography: a versatile tool for nanostructuration at the 20 nm scale” A. Cattoni, et al., in “Recent advances in Nanofabrication 
Techniques and Application” edited by Bo Cui, Intech (2011).

Master mold
by EBL

h-PDMS/PDMS  stamp

PDMS
hard-PDMS
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Cattoni 36th MNE (2010) / Biotech. & Bioengineer. 105, 854 (2010) / Adv. Funct. Mat. 26, 81 (2016)

Molding 
ΔP → air/solvents/ resist 
30 sec

Sol-gel tabilization
T = 100 °C
2 min

Sol-gel crystallization
T = 450 °C
5 min

(TiO2 Anatase)

Si master by EBL

h-PDMS/PDMS  stamp

Degassing
porous stamp

Degassing Assisted Paberning (DAP)

• No imprinter machine

• No pressure → no deformations

• Bubble-defects-free

• UV-curable commercial resist & dense/porous sol-gel 
derived films (TiO2, SiO2, Al2O3, IrO2…)

• Large area imprint

Replica by DAP

Si master by EBL

C2N-CNRS
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Degassing Assisted Patterning (DAP)

• Higher resolugon as compare convengonal Soh UV 
Nanoimprint (up to 20 nm)

• No imprinter machine (dessicator + pump + UV lamp = 
1 K$ vs. 200 K$ and more for S&F)

• No pressure → no deformagons

• Bubble-defects-free

• Large area imprint

60 nm pitch, μ =32 nm 50 nm pitch, μ =25 nm 40 nm pitch, μ =19 nm

50 nm 50 nm50 nm

50 nm 50 nm 50 nm

100 nm 100 nm 100 nm

Si master

Replica by DAP

C2N-CNRS
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DAP for direct embossing of sol-gel derived films (TiO2)

1) PDMS stamp degassing 
(τ ≈ 5 min)
2) Sol-gel spin-coating 
3) PDMS stamp molding

4) ΔP → air/resist/solvents 
(1 min)

5) Sol-gel stabilization 
(T = 110 °C, 3 min)

6) Sol-gel crystallization 
(T = 450 °C)

(Anatase, n = 1.8 ⟶ 2.4)

TiO2 Sol-gel by hydrolysis of Ti alkoxide precursors:

• Titanium alkoxide 
• Ethanol
• Water
• (surfactants → porosity)

Spin or dip-coating → amorphous film
Thermal processing (450 °C) → crystal phase (TiO2 Anatase)
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DAP of sol-gel derived films

200 nm

140 nm

180 nm

Dense Al2O3

500 nm

35 nm

100 nm

90 nm

500 nm

200 nm

MesoporousTiO2 (n=1.5-2.35)

1 µm

80 nm

35 nm

146 nm

200 nm

75°
113 nm

200 nm

Dense TiO2 (n=2.35)

1 µm

1 µm 2 µm

Dense SiO2

1 µm

500 nm

Dense IrO2
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Outlook

• TODAY > Solar cell efficiency close to Schottky-Queisser
> Solar cell thickness far from Lambertian model

• At least 1/10 thickness reduction possible for all technologies. Advantages:

> Reduce fabrication process and/or increase throughput 

> Improve lifetime and power production by preventing heating

> Improve carrier collection in defective/degraded absorber materials → new/cheaper absorber materials

• Coherent or incoherent scattering? Coherent! (symmetry, hyperuniform, etc.)

• We need cheap nano-structuration technologies: NIL is a good option


