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Improving the optical management is a key issue for ultrathin based solar cells performance. It can
be accomplished either by trapping the light in the active layer or by decreasing the parasitic
absorptions in the cell. We calculate the absorption of the different layers of Cu(In,3&&5e)

based solar cell and propose to increase the absorption in the CIGSe layer by optimizing three
parameters. First, by increasing the transmitted light to the cell using a textured surface of ZnO:Al
front contact which functions as a broadband antirel3ection layer. Second, by replacing the CdS/
i-ZnO buffer layers with ZnS/ZnMgO buffer layers which have higher energy bandgaps. Third, by
replacing the Mo back contact with a higher re3ective metal, such as silver or gold. Calculations
show that modifying these layers improves the total absorption by 32% inlanDihick CIGSe
absorber. These predicted improvements of the short circuit current are conbrmed experimentally.
¥ 2012 American Institute of Physid#ttp://dx.doi.org/10.1063/1.47620P4

I. INTRODUCTION in the active layer (the CIGSe). However, it is still uncertain

whether the photocurrent is lost due to imperfect collection

In_recent years, chalcopyrite solar cells based Mor parasitic absorption. In this paper, we calculate the optical

Qu(ln,Ga)S@(CIGSe) qbsorbers have re"?‘Ched the h|ghest Efplbsses in the different layers of the solar cell with an absorber
ciency levels of all thin PIm photovoltaic technologies, and

thickness of 0.5m. A solar spectrum AM1.5 impinges on

thus tms up to be an ideal combination of low cost and hig he cell in a normal direction. The spectral absorption by the
efbciency. Laboratory scale cells have reached certibed efb- X b P y

S O ) cell was found to be above 80% for wavelengths smaller
ciencies of 20.3% which is very close to the efbciency of cells . )

. . . than 1000 nm. However, by calculating the optical absorp-
based on multi-crystalline Si wafers. nmodules have

: S . tion in details, it is seen that light in the visible range is
reached certibed efbciencies of above FAttowever, this absorbed in the buffer layer (CdS) before it reaches the

increasing development of CIGSe solar cells may have Active layer. Furthermore, in the infrared spectrum, most of

impact on the indium world resources when reaching the Terat

Wat scelé and (s educe e compeines of CIGSaine 1210n s 0% e backeonact | o e e
Reducing the CIGSe thickness has been identibed as a k y 9

. . . . e photocurrent generation. Hence, to enable more absorp-
issue to reduce the indium consumption per Wp, allowing botf{i P g P

: . - L on in the active layer, the absorption in the other layers
cost reduction and preservatiohthe materialOs availability. In Jaye b Ay
. o . . hould Prst be minimized. We conbrm our calculations by
order to preserve high efbciencies using much thinner layers, | . . . )
. . . . replacing CdS with ZnS and Mo with a more ref3ective metal
is necessary to absorb light more efbciently in the absorbers.

The thickness of the CIGSe layer in a standard photovol-s'ucr.].as gold, and Pnally by measuring the resultg;gld .
. . . o addition, we show that when the front contact (ZnO:Al) is
taic cell is approximately 2m, which is larger than the pen-

etration depth in visible light> Thus, the light is sufbciently textured, it behaves as an antireBection layer for a broad
. . . spectrum and thus further increases the absorption of the cell
absorbed. Based on previous studigie light absorption

and thereby the short circuit current{Jdecrease when the and consequently the EQE and the short circuit current.

absorber thickness is reduced. In addition, when the CIGS{;0 mi?nﬁ:ﬁlrt]ﬁethh? ?]Ufafﬁgé?yﬁgr?r;? :22 g:ﬁkafgggcéjgfbilﬁs
thickness is less than O.Bn, the impact of back contact 9 P y

T . . ) . the active layer. The most remarkable advantage of this cell
recombination increases, leading to insufpbcient carrier col- . . L ) . )

S 7 . . .. . structure is the simple fabrication process: deposition of thin
lection.” In order to improve the efbciency of the cell, it is

prstly essential to understand what portion of the absorbeﬁIms havmg Bat mterfaces with no further photolithography
. ) . . ~or embedding of particles on the interfaces, as currently pro-
light will generate electrical current. This can be found by:

: . . o osed in optical management techniques. In addition, recom-
(i) measuring the reRectivity of the cell to derive its total P P g 9

absorption, and (i) measuring the external quantum efppmatmn atthe back interface is minimized.

ciency (EQE), associated with the absorption and coIIectioqI EXPERIMENT

As a reference solar cell, we used sample (a) in Table
®negar.naghavi@edf.fr. schematically shown in Figl. The CIGSe layer was

0021-8979/2012/112(9)/094902/7/$30.00 112, 094902-1 ¥ 2012 American Institute of Physics
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TABLE I. Summary of CIGSe based solar cell conpgurations with corresponding short circuit current with absorber thickndssesmaf @.3 m [0.4] m in
sample (d)].

Sample Configuration SJ(calc. B 2 m) (mA/cn?) Ji.(calc. B 0.5 m) (mA/cnt) Jic (exp. B 0.5 m) (mA/cnt)
(a) Mo/CIGSe/CdS/i-ZnO/ZnO:Al 30.40 23.93 23.34

(b) Mo/CIGSe/CdS/i-ZnO/ZnO:Al/ARC 33.19 25.60 24.90

(c) Mo/CIGSe/ZnS/ZnMgO/ZnO:Al 33.20 25.93 26.08

(d) Au/CIGSe/CdS/i-ZnO/ZnO:Al/Glass 32.67 26.68 25.20

(e) Au/CIGSe/ZnS/ZnMgO/ZnO:AlJARC 34.27 31.63 N

deposited at Wrth Solar by co-evaporatifron Mo coated ized:; therefore, the spectral absorption is given by an average
glass substrate. In order to investigate how the solar cell pewf both polarizations

formance depends on the CIGSe layer, its thickness was

reduced using chemical etching in a HBr{Bsolution as Adh; mb 1/4}1Akaqi;m; TEP pAG; M TMP:  (2)
described by Bouttemget al® The CdS/i-ZnO layers are 2

replaced by ZnS/ZnMgO layers [sample (c)l. The ZnS bufferThe back contact is considered as a semi-inPnite layer since

layer was deposited by chemical bath deposition (CBD)its thickness is much larger than the penetration depth of light.

technique using zinc sulbde, thiourea, and ammonia, and tr\?/e found that the absorption in the layers does not depend on

ZnMg(l)oyl\ivas prepared. by sputterlng as presented eIS%'he angle of incidence up to 7@not shown here). Therefore,
where: " Furthermore, the Mo layer is replaced by Au for AT . . L
for simplicity, we show calculations when illuminating light

different CIGSe thicknesses, as described in R2fsample in normal direction. We begin by calculating the spectral
(d) in Tablel]. Cells with antire3ection coating (ARC) were S ' 9 y g P
absorption in all the layers of a CIGSe solar cell of25] m

also made by a deposition of 100_nm Lglli?lyer. on top of thickNhereafter, regarded as thick CIGSe. The results are

the solar cells [sample (b)]. Texturing the ZnO:Al front con- o .

tact was performed by wet chemical etching in diluted shown in Fig.2(a) As can be seen, the absorption by the cell
(all the layers in the bgure) is about 90% in the spectral range

' . o i " i
hydrochloride acid (0'5@ in volume). In addition, we meas where CIGSe absorbs: between 400 and 1100 nm. However,
ured the quantum efbciency of the solar cells and the shoré . . :

etailed calculations show that a substantial part of the

circuit current using a class A double light source solar simu- S . . ) e .
lator (Wacom-WXS-140S-Super). absorbed light is not in the active layer; therefore, it is consid-

ered as a loss in the device. We can see that there are mainly
two sources for these losses: the CdS in the visible and the
Ill. OPTICAL MODELING Mo in the infrared (IR) spectra. Below 500 nm wavelengths,
. . . the buffer layer signibcantly absorbs although its thickness is
For optical modeling, we consider the solar cell as a . . .
. I , only 50 nm. This absorption should not be avoided because
stratibed media with Rat interfaces, where the electromag- . . . :
. e he solar spectrum has its maximum power in this spectral
netic waves can be calculated at each position for any wave- . N~ S
o L range which leads to signibcant reduction in the photocurrent.
length k, incident angleh;, and polarizationp. Here, the . . .
. . Since light passes the buffer layer before it reaches the CIGSe,
transfer matrix methdd is used to calculate the spectral > . . .
absorption in layemwith thicknessL by similar effect is expected in the thin solar cell. Indeed, calcu-
lating the absorption in a cell with a CIGSe thickness of
1BEM 0P Sam Lb 2 0.5 m (referred as thin CIGSe) shows similar absorption in
Acdhi; m; pp ¥z Sxhoppz (1) the CdS layer [Fig3(a). This loss can be prevented by using
Y materials with a higher energy bandgap such as ZnS which
where Sam; Ibis the Poynting vector of the electromagnetic Nas an energy bandgap of 3.6eV. Calculations for solar cell
Peld in layerm at positionl, S is the Poynting vector of the ZnS buffer layer are shown in Fig(b), for the thick CIGSe
incident Peld, ana is a unit vector normal to the interface layer, and in Fig3(b)for the thin one. We assess the advant-

(here, in directionz). We assume the solar light is unpolar- @9€¢ of changing the buffer layer by computing the total
absorption in the CIGSe layer (in the relevant spectrum, from

k%350 nm tok, %1200 nm),

6k2
: Akaqi; mnsolara(l:dk
400nm|  ZnO:Al Adh; mb Vit : €)
70nm i-ZnO ’
50nm CdS . | solarSk ik
500nm CIGS z
wherelslsr is the solar spectrum (AM1.5). The total absorp-

“ tion in the thin CIGSe layer is increased from 57% to 63%.

In the IR spectra, the radiation that is not absorbed by
FIG. 1. Schematic set-up of CIGSe solar cell. the front contact nor by the CIGSe layer (at wavelength
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FIG. 2. Calculated spectral absorption of
different layers of thick CIGSe solar cell
(2 2.51 m thickness). (a) Same conbgu-
ration as sample (a) in Tablewith thick
CIGSe. Total absorption in CIGSe layer
is AY269%, derived from Eq(3). (b) As
sample (c) in Tabld; AY476%. (c) As
sample (e) in Tablel without ARC;
AY478%. (d) Sample (e) in Tabld;
AY483%.

larger than 700 nm) decays into the back contact, F2gs) Mo layer is even more essential in ultrathin cellsNa CIGSe
and2(b). Herein, the Mo has two functions: from the electri- thickness below 0.6mRsince less light is absorbed by the
cal point of view, it functions as the back contact electrode,CIGSe in a single pass and therefore more light will eventu-
but from the optical point of view, it should reRect the light ally be lost in the Mo. This is observed in Figa)and3(b)
back to the CIGSe layer in order to increase its absorptionfor CIGSe thickness of 0lam. All the light that is not
However, since the ref3ection at the Mo/CIGSe interface isabsorbed by the CIGSe is absorbed by the Mo such that the
less than 20%, it was proposed to replace it by another metabtal absorption by the cell remains the same. Based on our
such as Ag, Au, Cu, or Al which are known as good mirrorscalculations, one can observe a gain in light absorption when
and conductor$* or to add a dielectric layer between the further replacing the Mo back reRector by gold [see Rig)
absorber and the back contd@fThe necessity to replace the for thick CIGSe and Fig3(c) for thin with total absorption

FIG. 3. As Fig.2 with CIGSe thickness
of 0.5I m. (a) Sample (a) in Tablé;
AY257%. (b) Sample (c) in Tabld;
AY463%. (c) Sample (e) in Tablewith-
out ARC; A¥471%. (d) Sample (e) in
Tablel; AY476%.
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AY471%)]. Although the ref3ection by gold is lower than by reported by Stephens and Cody where they modeled the tex-
silver, it is still more interesting to use gold due to its chemi- tured surface by graded density of partictég.hen, the tex-

cal stability such that no protective layer is required. A third tured surface is modeled as a stack of multilayer structure,
issue is the portion of light that is absorbed by the front con-each layer with homogeneous refractive indexYanes (2).

tact, the ZnO:Al and i-ZnO layers. This absorption can beFinally, this effective medium is implemented on top of the
reduced by replacing the ZnO:Al with a more transparentZnO:Al layer and the absorption in the different layer of the
material; however, Pnding an electrical conductor that is alsaell is calculated using the transfer matrix method. We calcu-
transparent for light in the visible range is a complex issuelate the spectral absorption of the cell (derived by the rel3ec-
Despite its absorption, the front contact can serve as a suliion, 1  R) to check that the reRection is actually reduced.
strate for antire3ection layer, e.g., MgBf 100 nm thick.  As can be seen in Figl(a), the textured interface functions
Consequently, more light is transmitted into the cell andas an antiref3ection layer in a broad spectral range.
eventually increases the absorption in the CIGSe by an addi-

tional 5% [Fig:2(d) and Fig.3(d) for thick and thin CIGSe V. EXPERIMENTAL RESULTS AND DISCUSSIONS

layer, respectively]. To summarize, the total absorption is

increased from 57% in the reference conbguration [sample In this part, cells with the four different conpgurations
(@)Nthin CIGSe] up to 76% in conbguration of sample (e). suggested above are studied [samples (a)D(d) in Thifer

For comparison, in the thick cell, the same modibcationghese cells, we compared the theoretical and experimental
lead to an increase from 69% [Fig(a) to 83% [Fig.2(d)]. improvement of the short circuit current when the CIGSe
Since the effects of the front and buffer contacts are similathickness is reduced down to 0.81. The theoretical s

for thick and thin solar cells, it is noticeable that the differ- were calculated using E@4) for each thickness. We remind

ence in the total absorption comes from changing the backhat only the optical absorption in the CIGSe layer is
contact. accounted for. The experimental vere measured using the

The short circuit current can be calculated with the fol- sola_r simulator, as mentioned in Sdt. In.orde.r to assess
lowing relation to the spectral absorption in the CIGSe layer:the improvements obtained by each modibcation (antire3ec-

5 tion, buffer layer, and back contact), we normalized the short
K circuit current values with their reference cell, i.e., sample
Y. aQ; p—dk; 4 , . , Le.,
b ¥4q A MeicsdHsolatk hc @) (a) with a 2.9 m thick CIGSe layer.

whereq is the electron chargedd; mcigsdPis the spectral
absorption in the layer of the CIGSe when illuminating in
normal incident angle, anthdk is the energy per wave- Our aim in this subsection is to show that Pne textured
length. In this notation|syatkPis given in units of W/(M  surface behaves as antireRection layer. In order to compare
nm). The integration is over all the solar spectrum or overoptical modeling and measurements, we have measured the
the spectra where CIGSe absorbs. Herein, we used the limiteRectivity by cells with CIGSe thickness of 0.5 with Bat
as shown in the bgures, from 350 nm to 1200 nm. In thisand textured front contacts. We show in Hgb) the spectral
equation, a collection efbciency of unity is assumed, i.e., all
the absorbed photon contribute to electrical current. Their T T T
values for each conbguration are summarized in Tber 1.0 I . g
a CIGSe thickness of 015m. 09lh A
It is well known that a reduction of ref3ection through i
index matching between the air and the cell can be achieved
either by encapsulation by glass or deposition of Miglyer.
Furthermore, a similar effect can be achieved by texturing I \
the surface of the front contatl.The textured surface can 06F flat (calc) LA
be modeled as a medium with an effective index of refrac- etch (calc) -
tion if the diffuse light is negligible. Its value is between the (1)-8 —
refractive index of the substrate (ZnO:Al) and of air accord- l
ing to the ratio between them, which is the geometrical PlI- 0.9

A. Effect of the front contact

0.8

Absorption

0.7

ing factorf. Note that in general, it may depend on the height § -
of roughness, i.e.f%f(z). Here, we use the Bruggeman g 08,
method to calculate the effective index by solving the fol- 2070
lowing equatiort’ <7
06 - flat (exp)
p e‘l‘ eEff&D 1 ez ngf&p 1 . 1 .etCh (lexp) s 1 s 1 s
fe ab 2eeﬁazbb A fazpez b 2e.dzb %40 () °200 600 800 1000 1200

Wavelength (nm)
Whereq 7/ 31] b Ikll:; is the dielectric constant of medium 1 FIG. 4. (a) Calculated and (b) measured absorption by a solar cell with

(a'r) and medium 2 (ZnO:Al)f(Z) IS obtal_ne_d by Measuring o5/ m CcIGSe thickness. Solid and dash lines denote absorption by textured
the surface proble of the solar cell. A similar procedure wasnd Rat ZnO:Al front contact, respectively.
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1.0 T T T T 1.2 T T T T T T T T
o]
1.0 R
0.8} i
3 0.8 i
-
c L i o
g % g oo _
= s 0
Q €
8 o4p 1 S 04 ]
o expARC
calc. etch o2l T calc ARC
0.2} - - —clac. flat B ’ e exp w/o ARC
o EQE etch calc w/o ARC
+ EQE flat N 0.0 ! ; L L
0.0 L @ | ? ) . 2500 2000 1500 1000 500 0
400 600 800 1000 1200 CIGSe thickness (nm)

Wavelength (nm
gth (nm) FIG. 7. Short circuit current versus CIGSe thickness normalized by the ref-

FIG. 5. EQE (dots) and calculated absorption (lines) inl @bBthick CIGSe erence cell [sample (a) with CIGSe thickness of I1§. Experiments

layer. Comparison between Rat and textured (etch) ZnO:Al interface. deduced from .?-V measurements under_AM1.5 illumination fqr solar c_:eIIs
before (blled circles) and after (open circles) ARC. Calculations derived

from Eq.(4) are given by lines.
absorption by the cells (derived by 1 R). As shown by the
experiment and the calculation, a cell with a textured surfacgeyred ZnO:Al structure is indeed similar to that obtained
absorbs more light in all the spectral range, up to a 1100 nmyy the ARC, i.e., less light is reRected due to a graded refrac-
wavelength. For the same solar cells, we compare in%ig. (jve index. Furthermore, the effect on a thin or a thick active
the calculated absorption in the active layer and the EQE. Agyer is almost the same, as pointed out in SHc.In addi-
good agreement is obtained in the curve shapes and spectigd, the short circuit current of solar cells with ARC [sample
peaks. In order to evaluate experimentally the effect of ARC(b)] and Rat interface are compared in Figfor absorber
(or protective glass, for this purpose) and textured surface ofhickness between 0l3n and 2.3 m. The J. is improved
the absorption in the active layer, we measure the EQE fOby 5 to 10% for all thicknesses larger than Drf. These

solar cells with Rat interface, ARC, and textured ZnO:Al. In improvements show good agreement with our theoretical
addition, for each of these conbgurations, we include meassredictions (error of 5%)

urements for 2.bm and 0.9 m CIGSe absorber. The results

shown in Fig.6(a) correspond to a Rat interface with or with-

out ARC. In Fig.6(b), textured ZnO:Al is compared with B. Influence of the buffer layer

Rat interface (without ARC). We observe that the effect of We have replaced CdS/i-ZnO buffer layer by zZnS/
ZnMgO in our solar cells, sample (c) in TableCBD-CdS
and CBD-zZnS buffer layers are distinguished by their

10 bandgap energ}’ The bandgap of i-ZnO and ZnMgO layers
08l has also been measured showing a higher bandgap of
ZNng 74Mgo .20 (3.8 eV) compared to that of i-ZnO (3.2eV).
06l For our calculations, we considered that the optical proper-
& ties of ZnMgO are similar to those of i-ZnO in the spectra
Y04l beneath the bandgap enerdyDue to the higher transmis-
sion of the ZnS/ZnMgO, the Cd-free cells show signibcantly
0.2r] enhanced quantum efpbciency in the spectral range between
350 nm and 550 nm wavelength* At the absorption edge
0.0 of the CIGSe, the EQE of the Cd-free cells is identical to the
one with CdS buffer down to a 500 nm wavelength, which
08¢ indicates that the collection length is not affected by replac-
06l ing the buffer. This explains the higheg.Jalues obtained
W ' for cells with ZnS buffer layers. A comparison of the experi-
w mental and calculated,Jfor solar cell thicknesses between

0.4+t

2.5l m and 0.3 m, with CdS and ZnS buffer layers, shows
an improvement of about 7% for all thicknesses down to

\ ] 0.51 m thick CIGSe (cf. Fig8).

400 600 800 1000 1200
Wavelength (nm)

0.5 um CIGSe

0.2+

0.0

C. Influence of the back contact

FIG. 6. Comparison of experimental EQE of 0/ and 2.9 m CIGSe A cell with a gold'back contact and a ZnS buffer Iay.er
based solar cells with (a) antireRection layer and (b) ZnO:Al textured layer.COUId not _be ac?omp||5hed for the m(?ment due to electrical
Dash lines present the gain with ARC or textured ZnO:Al. contact difbculties. To overcome this problem, we study
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22— glass as a substrate on the front contact in the back etching
process. Its inBuence is similar to the use of an ARC due to
1.0 ] the graded refractive index. The second reason is originated
. by the graded composition of the CIGSe layer with a
g‘” 08 | bandgap energy difference ¢f50meV between its front
8 06 | and back side8.In our case, it means that CIGSe after front
g etching [sample (a)] has a 50meV higher bandgap than
S 04 - CIGSe obtained by back etching [sample (d)]. This bandgap
o oemas difference is materialized bpJs. 1 mA/cn?. It is noticea-
02F e expCdS ble that the J is maintained at a high value with Au back
calc CdS contact, with an improvement of 20% for thin 0.4h CIGSe
05)500 20'00 15'00 10'00 5(')0 0 solar cell. An efbciency of about 10% was achieved for cells

_ with CIGSe thickness larger than 0.th.*?
CIGSe thickness (nm)

FIG. 8. As Fig.7 when replacing the buffer layer from CdS to ZnS.
V. CONCLUSION

onI_y the optical effect of the _back cor_1tact [sample (d)]. An effective integration of both fundamental under-
LJ smg gold alg; a dbSCk corl;t.apt n #Itrqthlr CISSE Sodl"’},rﬁceflflstanding and innovative processing developments is the key
as been realized by combining chemical etching and lift-ofly, - o cjent photon manipulations for ultrathin solar cell

process, as presented elsewhér@herein, we observed that plications. Based on theoretical and experimental studies,

a
the Au back contact does not degrade the other parameters&}é show that enhanced absorption in the active layer is

the”cell, anc(ij thl:;s a_g_ooq oI:}micity on CIGSe is aCh‘e,Ved 33chieved by minimizing the parasitic optical losses in the
well as good refectivity in the IR spectra. We Investigate &, tter and the back contact layers. As a result, the short cir-
solar cell WIFh 300 nm thick gold back contact, and dlfferentcuit current can be theoretically improved by 32%, particu-
absorbe_r th|ckn(_asses betvyeen Im and 4 m. Although _larly for thin PIm down to 0.% m thickness. This modeling
there might be differences in electrical contacts between thll’ils reinforced by experimental results when replacing the
and th'Ck. dC|Gﬁ N Ia%/ers, as dwas reportid in Ref. we do buffer layer and the back contact, separately. Moreover, we
not consider them here and compare the measw@dnly point out that the measuredJat ultrathin cells (CIGSe
with optical absorptions. In Fig, short circuit current as a thickness lower than 0l5m) are higher than the values
function of the absorber thickness is compared for solar Ce"‘canticipated from modeling. These enhancements should be
with Au and Mo back contacts _[samples (@) and (d) ingyrper investigated. Consequently, if sample (a) with
Table I]. We observe that thegJdifference between solar absorber thickness of 0L5n yields 1.v423 mA/cn?, based
cells with Au or Mo increases as the absorber thickness i%n our calculations we expect sample (e) to produce 30 mA/
smaller. The |n@uence of the baclf contact reBectivity 2 rhjg yalue is comparable to commercial cellsNsample
becomes pre-eminent for CIGSe thicknesses lower thafh) with CIGSe thickness of 215n and rough interface

1.2I'm, Wit?} 20%d.gifference% at P?Ml:n E'Gie thicklness. Since these results are very encouraging, we plan as a next
However, the S]C, Ifterence for t ICk absor er>(1.21 m) step to include all improvements in a single solar cell.
cannot be explained by the reR3ectivity of the back contact.

We suggest that it is due to the differences in the etching pro-
cess between the two type of solar cells [front etch for samACKNOWLEDGMENTS
ple (a), front and back etch for sample (d)]. This process  This work is supported by the ANROs HABISOL pro-

leads to two main differences. The Pbrst is the necessity Oéram within the ULTRACIS Project. The authors acknowl-
edge Wirth-Solar for providing the CIGSe absorbers.
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