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The absorbers in Cu(In,Ga)Se2 solar cells in general are Cu-poor. However, better transport

properties and lower bulk recombination in “Cu-rich” material led us to develop “Cu-rich”

CuInSe2 solar cells. We expect higher diffusion lengths and better carrier lifetimes for “Cu-rich”

CuInSe2 solar cells, resulting in a higher short circuit current of “Cu-rich” solar cells, compared to

Cu-poor ones. However, recent investigations show that the current is lower for absorbers grown

under Cu-excess compared to Cu-poor absorbers. Therefore, this work investigates both “Cu-rich”

and Cu-poor CuInSe2 absorbers, as well as their resulting cells, in order to understand why the

“Cu-rich” CuInSe2 solar cells do not show the expected increase in current. While this contribution

gives proof that “Cu-rich” based solar cells in fact do have better carrier collection properties, one

limitation of “Cu-rich” devices is a very short space charge width associated with a higher doping

level. We suggest tunneling enhanced recombination in the space charge region as the most likely

cause of the loss in current. This work shows also that the high doping level of the “Cu-rich” film

cannot be decreased by controlling the sodium supply. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4862181]

I. INTRODUCTION

Recently, thin film solar cells based on Cu(InGa)Se2

(CIGS) absorbers have shown a record conversion efficiency

of 20.4%.1 Although all the electronic properties (defect

densities, transport properties, and bulk recombination)

are better in material that is grown under Cu-excess2

(Cu/(InþGa)> 1), high efficiency solar cells use an overall

Cu-poor absorber (Cu/(InþGa)< 1).3 It is understood that

the reason for higher efficiency in Cu-poor absorbers is

linked to reduced interface recombination4 and therefore

absorbers grown under Cu-excess have so far only been

investigated sparingly. “Cu-rich” refers here to material

grown under Cu-excess with a Cu/In ratio above unity.

However, pure Cu-rich CuInSe2 (CIS) films do not exist but

according to the phase diagram5 result in a stoichiometric

material with a Cu2Se secondary phase6 on the top. This

phase is highly conductive and can thus short cut the cell. It

is fortunately easily removed by potassium cyanide (KCN)

etching.7 This results in stoichiometric chalcopyrite.

Nevertheless, the electronic properties of the “Cu-rich” films

still depend on the Cu-excess during growth.8 In the follow-

ing, we concentrate on pure CuInSe2, without Ga, which is a

simpler system allowing more clear conclusions.

Material prepared under Cu-excess shows superior elec-

tronic properties: lower defect densities, lower degree of

compensation, higher mobilities, and lower bulk recombina-

tion.2 Cu-poor chalcopyrites have been shown to be domi-

nated by a high degree of compensation,2,8–10 i.e., with a high

concentration of charged donor and acceptor defects, which

leads to fluctuating potentials. Although these potential fluc-

tuations disappear at room temperature,11 they still indicate a

much higher degree of compensation, and thus a larger con-

centration of charged defects in Cu-poor CIGS. This results

in decreased mobility12 and diffusion lengths of charge car-

riers in Cu-poor material. Furthermore, a recent investigation

of epitaxial and polycrystalline CIS shows that the quasi

Fermi level splitting (under the same illumination conditions)

is higher in “Cu-rich” material than in Cu-poor material,13

i.e., bulk recombination is lower in “Cu-rich” material.

However, Cu-poor based solar cells consistently give

better efficiencies. This has been attributed to interface prop-

erties. In “Cu-rich” cells, the recombination mechanism is

predominantly at the absorber/buffer interface; whereas in to

Cu-poor cells, recombination in the space charge region

(SCR) dominates.4 Recently, to exploit the favorable proper-

ties of absorbers prepared under Cu-excess, “Cu-rich”

CuInSe2 absorbers with a Cu-poor surface have been pre-

pared.14 These cells have led to an efficiency of 13%, which

compares favorably to the record efficiency of the Cu-poor

CuInSe2 cells of 15%.15 All “Cu-rich” based solar cells with-

out surface treatment exhibit inferior solar cell characteris-

tics, in particular the short circuit current, which is still

lower after treatment, which would not be expected from a

cell prepared from an absorber material with better transport

properties. Recombination at the interface is known to lead

to a reduced open-circuit voltage, but the low short circuit

current is not well understood. Indeed, as previously stated,

“Cu-rich” absorbers have better transport properties and less

bulk recombination, which leads to an increase in the diffu-

sion length. Higher diffusion lengths are indicative of mate-

rial with longer lifetimes and thus would be expected to

display a higher current. Therefore, this work provides an in

depth characterization of both Cu-poor and “Cu-rich” CIS

absorbers, as well as their resulting solar cells, in order to

explain the low short circuit current of “Cu-rich” based solar

cells, and thus provide clues as to how the beneficial proper-

ties of the “Cu-rich” films can be more efficiently exploited.
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II. EXPERIMENTAL DETAILS

Cu-poor and “Cu-rich” solar cells have been prepared

by coevaporation using a 1-stage process, employing con-

stant material fluxes throughout the deposition process. We

have also compared solar cells from the 3-stage process,16

resulting in Cu-poor films, with those from a 2-stage process,

basically a 3-stage process stopped after the Cu-rich stage.

The general results of this comparison are comparable to the

ones presented here. “Cu-rich” absorbers are then etched for

5 min with a 10%/w KCN solution in order to remove the

Cu2Se and thus obtain single phase material.7 The substrate

is soda-lime glass of 3 mm thickness, which is coated with

molybdenum (Mo) that serves as a back contact. The differ-

ent absorbers, used in this study, are summarized in Table I.

Cu/In ratios were determined by energy dispersive X-ray

spectroscopy (EDX) performed at 20 kV before the etching.

Thicknesses of each absorber have been measured on cross

section scanning electron microscopy (SEM) micrographs

(Figure 1). The values obtained are within an accuracy of 0.1

microns for Cu-poor films and of 0.25 microns for “Cu-rich”

ones, due to the higher roughness of Cu-rich films, as seen in

Figure 1. As observed on these micrographs, the Cu-rich CIS

absorbers exhibit large columnar grains (above 1 micron lat-

eral extension), characteristics of these films.17 This easies

the transport in the device by avoiding the need for carriers

to cross grain boundaries. However, the thickness evaluation

for these films, especially after etching, is less accurate, as

the sample exhibit craters as noticed on Figure 1, fingerprints

of previous big grains of Cu2Se. As far as the Cu-poor films

are concerned, they have smaller grains leading to lower

roughness of the film, which simplifies the determination of

their thicknesses (Figure 1). Finally, solar cells with a

ZnO:Al/i-ZnO/CdS/CIS/Mo/soda lime glass (SLG) structure

were fabricated. The CdS buffer layer was grown by chemi-

cal bath deposition (CBD). The window layer consisted of

double ZnO layers grown by rf-magnetron sputtering. To fin-

ish, the Ni-Al grid was deposited by an e-beam evaporator.

III. SOLAR CELL OUTPUT PARAMETERS

The performance of the solar cells was first evaluated by

standard current-voltage (IV) and quantum efficiency (QE)

measurements. Figure 2(a) shows the current-voltage charac-

teristics of each solar cell. The solar cell parameters are sum-

marized in Table II. Additionally, the values of the series

resistance Rs, the parallel resistances Rp, the diode factor n,

as well as the saturation current J0 were obtained by fitting

the IV curve with the single diode model using the ECN

(Energy Research Center of the Netherlands) I-V curve fit-

ting program ivfit.18

As can be seen in Figure 2(a), all electrical output pa-

rameters are better for the Cu-poor based solar cells. In addi-

tion, the characteristics of these absorbers are almost

identical, regardless of the composition, except for the Voc

which slightly decreases with a decreased Cu/In ratio.

The “Cu-rich” based samples exhibit a small Voc, which

agrees with the previous observations.4 This was attributed to

the domination of interface recombination. Thus, in order to

check this point and to investigate the recombination

generation mechanism of each kind of device, temperature de-

pendent current-voltage measurements (IVT) were performed.

The band-gap energy of the absorbers were determined by

extrapolation of the (h�*ln(1-EQE))2 against photon-energy

plots near the absorption edge. We see from Table I that the

band-gap Eg is exactly the same for all the “Cu-rich” just

above 1 eV. In much the same way, Cu-poor absorbers have

their band-gap energy around 0.99 eV whatever the composi-

tion. This observation agrees with an earlier study which

showed that the band-gap energy of “Cu-rich” materials is

larger than Cu-poor materials.19 This is somewhat contrary to

general believe,2 which relates the bandgap of chalcopyrites to

the p-d hybridisation between Cu and Se.20 The observation

could be explained by a feedback mechanism based on the

interplay between Cu-vacancies and the displacement of the

Se-atoms from the ideal tetrahedral position.19 The smaller

bandgap in Cu-poor CuInSe2 is not due to a higher Urbach

FIG. 1. SEM micrographs top views

and cross section for sample 1

(Cu-poor) and sample 5 (Cu-rich)

before and after etching.

TABLE I. Presentation of the different samples.

Sample

number Process

Cu/In

ratio

Thicknes

(lm)

Bandgap

Eg (eV)

EA

(eV)

NA

(cm�3)

1 1 stage 0.93 2.54 0.99 0.99 1.3 10þ16

2 1 stage 0.96 2.73 1.0 0.96 5.1 10þ15

3 1 stage 0.98 2.77 0.99 0.98 1.0 10þ16

4 1 stage 1.18 2.96 1.01 0.66 4.3 10þ16

5 1 stage 1.29 3.45 1.01 0.87 4.1 10þ16

6 1 stage 1.71 3.71 1.01 0.88 4.6 10þ16

044503-2 Depr�edurand et al. J. Appl. Phys. 115, 044503 (2014)
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energy, due to a higher defect concentration, since the two

effects can be clearly separated.2

The IVT measurements were performed at a temperature

range from 100 K to 300 K. Based on the one-diode model

and with the assumption that the diode factor is more or less

constant within the measurement temperatures, Voc should

give a linear dependence on temperature, and the intercept

with the Voc axis where T is 0 K provides the activation

energy EA of the reverse saturation current. This activation

energy is then compared with the bandgap of these absorbers

from QE measurements.21 The comparison of the activation

energy EA and the band-gap energy Eg for each sample is

summarized in Table I. For all the “Cu-rich” devices, the

activation energy is obviously lower than their band-gap

energy (Eg¼ 1.01 eV) indicating interface recombination

whereas the activation energy of Cu-poor devices is equal to

the band-gap energy (Eg¼ 0.99 eV) within error as observed

before.3

In addition, the parallel resistances of the “Cu-rich”

samples are very low in comparison to the Cu-poor ones.

Associated with this, small parallel resistance is a low fill

factor (FF). The difference in Jsc between “Cu-rich” and Cu-

poor samples already indicates that there could be a differ-

ence in the minority carrier collection behavior in these two

types of cells.

Quantum efficiency (QE) measurements shown in

Figure 2(b) confirm this statement. When “Cu-rich” and Cu-

poor absorbers are compared, all the curves exhibit a match-

ing spectral shape. However, the ones resulting from the

“Cu-rich” absorbers are multiplied by a factor below unity in

comparison to the Cu-poor ones irrespective of the wave-

length, which reflects the values of short circuit current of

the devices (see Table II). Within the “Cu-rich” samples, we

suspect from reflection measurements that reflection losses

are most likely the causes of the differences in Jsc and thus

of the lower QE values within this group for increasing In

content. In addition, QE is clearly reduced at high wave-

lengths (above 900 nm) for both kinds of solar cells. This is

partly due to absorption losses in the ZnO, as well as due to

finite collection in the absorbers. The losses in current for

“Cu-rich” absorbers resulting from the higher band-gap

amount only to less than 1 mA/cm2.

IV. INVESTIGATION OF THE COLLECTION
PROPERTIES

Quantum efficiency (QE) measurements yield a good

overview of the photon absorption and carrier collection

properties of the device investigated. According to the model

by Klenk,22 the QEint, the internal collection, is dependent

on the absorber layer’s absorption coefficient a and an effec-

tive minority carrier collection length Leff

QEintðk;VÞ ¼ 1� expð�aðkÞ � Lef f Þ
� �

: (1)

The effective collection length Leff is interpreted as the

sum of the diffusion length Ldiff of the minorities and the

SCR width in the absorber WSCR

Lef f ¼ WSCRðVÞ þ Ldif f : (2)

FIG. 2. (a) IV curves and (b) EQE curves for solar cells with different composition, an example of fitting of the QE (sample 1) at long wavelength regime is

inserted.

TABLE II. Summary of the performance of solar cells with different composition.

Sample number VOC (mV) JSC (mA/cm2) F.F Efficiency g (%) Rs (X.cm2) Rp (X.cm2) J0 (mA/cm2) n

1 423 38.4 0.67 10.8 0.5 398 9.5� 10�7 1.56

2 435 39.3 0.66 11.3 0.57 630 6.9� 10�7 1.54

3 441 39.8 0.66 11.5 0.58 714 8.3� 10�7 1.59

4 375 32.6 0.52 6.5 0.49 164 1� 10�6 2.5

5 380 34.8 0.56 7.6 0.65 187 3.3� 10�5 2.1

6 377 36 0.58 7.7 0.53 190 2.3� 10�5 2.07

044503-3 Depr�edurand et al. J. Appl. Phys. 115, 044503 (2014)
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At first, to investigate the collection properties of each

kind of sample, reverse biased QE measurements were per-

formed. The influence of reverse bias conditions on charge

carrier collection in our solar cells are shown in Figures 3(a)

and 3(b).

The application of reverse bias voltage for Cu-poor

based solar cells leads to an increase of the QE in the long

wavelength regime. This behavior results from the increase

of carrier collection by enlargement of the space charge

region and hence Leff. This leads to an enhancement of the

collection probability of the charge carriers generated in the

neutral zone at a given distance from the interface and

improves the QE in the long wavelength regimes.

Nevertheless, changes in the long wavelength regime are

low—around 6%–7% even with more than 1 V reverse bias

applied—thus the increased collection occurs only at the

back of the absorber, where only a small amount of the initial

intensity arrives. Therefore, it can be concluded that the SCR

width is small compared to the electron diffusion length

Ldiff. The carrier collection probability is assumed close to

unity in the SCR as the photogenerated electron/hole pairs

are separated by the electric field, and then exponentially

decays as in the neutral bulk the carrier collection takes place

by diffusion.23 The small gain in Jsc due to a larger SCR,

which push the collection by diffusion deeper into the bulk,

shows that the diffusion length and thus the collection prop-

erties are already good in these solar cells.

On the other hand, in the case of the “Cu-rich” device,

no change appears in this region of the QE and we can thus

suppose that Leff remains unchanged when applying a

reverse biased. It is likely that the collection length at 0 V

corresponds already to the absorber thickness, so that an

increase of the SCR width cannot affect the carrier collec-

tion. This correlates with the expected longer collection

length of the “Cu-rich” samples, all the more since these lat-

ter have thicker absorbers (see Table I) in comparison with

Cu-poor films. Thus, from the bias dependent QE study, we

conclude qualitatively that the collection length of “Cu-rich”

solar cells is longer than that of Cu-poor solar cells.

To investigate this quantitatively, we analyse the QE

spectra at 0 V in detail. It has been shown earlier that Leff

can be extracted from fitting the experimentally measured

quantum efficiency EQE or external QE to the internal QE.22

Then, the measured, or external, QEext can be related with

the QEint by

QEextðk; VÞ ¼ KðkÞ � QEintðk; VÞ: (3)

The factor K(k) enables to express the fraction of inci-

dent light reaching the absorber layer, which is given by the

product of the transmission through each of the front layers,

or

KðkÞ ¼ ½1 � RðkÞ� � ½1 � ACdSðkÞ� � ½1 � AZnOðkÞ�; (4)

where ACdS and AZnO are the absorption of the buffer and

window layer, respectively. R(k) accounts for reflection

losses including the shadowing from the grid.

In order to determine precisely the collection properties

of our absorbers, i.e., to evaluate Leff, Ldiff, and WSCR, we

will proceed as follow: we will first fit the external QE in

order to obtain Leff according to Eq. (1); this requires the

knowledge of the absorption coefficient a(k), which we will

measure by optical measurement (transmission and reflection

measurements). Then, capacitance measurements will pro-

vide the evaluation of the space charge region width WSCR.

To finish the diffusion length, Ldiff will be then obtained

according to Eq. (2).

For fitting the quantum efficiency data of an individual

device, many parameters have to be determined. Analyses of

transmission and reflection data can be used for evaluation

of the absorption coefficient as described in24

a ¼ 1

d
� ln

ð1� RÞ2

T

� �
; (5)

where T and R are the transmission and the reflection of the

film respectively and d its thickness. Thus, in order to get the

absorption coefficient of each absorber, it is necessary to

determine the transmission and the reflection of an identical

SLG/CIS film from the same absorber batch without the Mo

back contact. However, in the case of the “Cu-rich” samples,

the growth on SLG coated with Mo or on uncoated SLG is

very different: it results in different morphology and compo-

sition, which could probably be explained by a different

sticking coefficient during the simultaneous growth of the

CIS and the Cu-selenide secondary phase on glass than on

FIG. 3. Spectral response under reverse bias: for the Cu-poor (a) – sample

3- an increase up to 7% is observed whereas no improvement is noticed for

the Cu-rich ones –sample 4- (b).

044503-4 Depr�edurand et al. J. Appl. Phys. 115, 044503 (2014)

 [This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to ] IP:

188.115.52.67 On: Thu, 23 Jan 2014 15:35:30



Mo. The Cu-poor samples are indeed less affected by this

effect and the films grown on Mo/SLG are comparable to the

ones obtained on SLG only. The absorption coefficient for

the Cu-poor films was thus determined by transmission and

reflection measurements of samples on glass from the same

preparation run. Then, to obtain the transmission spectra of

“Cu-rich” absorbers, these were mechanically removed from

the Mo back contact. However, reflection measurements

were not possible since the samples were too small and not

flat anymore. The absorption coefficient was then obtained

by simultaneously fitting the QE measured for each cell and

the transmission spectra of the corresponding absorber.

In addition, the transmission in the window layer and

reflection spectra of each cell was measured. It is important

to notice that the window layer in this series of cells is not

optimum for our device with a high absorption (around 30%)

in the long wavelength regime (900–1200 nm). This leads to

reduced incident light reaching the absorber in comparison

with a better window layer, which will absorbs less in this

wavelength regime and correlates to the smaller QE value in

this range of wavelengths whatever the composition.

Concerning the reflection measurements, they were directly

performed on the cell with the grid and contain thus the

shadowing of the latter.

The internal QE spectrum was determined from the

measured EQE spectrum, using these optical measurements

and Eqs. (3) and (4). Hereby, we assume no absorption in the

buffer layer in long wavelength range, consistent with the

bandgap of this material (2.4 eV). The internal QE spectrum

was then fitted to Eq. (1) in the long wavelength region (see

Figure 2(b)), to determine the effective collection length.

The results (see Table III) show that both Cu-poor and “Cu-

rich” devices exhibit a high collection length with, a longer

one for the “Cu-rich” based solar cells, especially as these

latter have a thicker absorber film: the collection length in

“Cu-rich” films corresponds indeed to the absorber thick-

ness, indicating that the collection is limited by the thickness

of the absorber, not by the diffusion length. This correlates

to the voltage dependent QE measurements, which show no

improvement with reverse bias in case of solar cells with ma-

terial grown under Cu-excess and only a little increase of

around 7% for the Cu-poor ones. Therefore, “Cu-rich” based

solar cells in fact exhibit better collection properties but the

question remains, why their Jsc is lower in comparison with

the Cu-poor ones.

In addition, capacitance-voltage (CV) measurements

were performed on the solar cells to obtain an estimate of the

SCR width of each device and consequently the diffusion

length from Eq. (2). These CV measurements were per-

formed at a frequency of 1 MHz, in order to exclude defect

contributions, lead to an estimate of the space charge region

width of the solar cells according to21

C ¼ e� e0 � A

WSCR
; (6)

where A is the area of the device, e is the semiconductor

dielectric constant (e¼ 13.7),23 and e0 is the permittivity of

the vacuum. The results obtained are summarized in Table

III. Summarizing the data evaluation, Eqs. (3) and (4) were

used to obtain the internal quantum efficiency from the

measured external quantum efficiency spectrum and the

measured optical spectra. Then, the collection length was

obtained from fitting Eq. (1) to the internal quantum effi-

ciency spectrum in the long wavelength region. The space

charge region width was determined from capacitance meas-

urements using Eq. (6) from which finally the diffusion

length was determined, according to Eq. (2).

The space charge region width of solar cells with “Cu-

rich” absorbers is much shorter than the SCR width in Cu-

poor absorbers. So far, no measurements exist to compare

the dielectric constant of Cu-poor and “Cu-rich” CuInSe2.

However, since the variation in dielectric constant between

various crystalline semiconductors is no more than a few

10%, this uncertainty just adds error to our result, but does

not change the conclusion that the space charge width in

Cu-poor solar cells is almost a factor 2 longer than “Cu-rich”

devices. This has to be linked most likely with the net doping

of the absorber, since it has been observed that the

net-doping level in epitaxial films of the related CuGaSe2 is

higher in “Cu-rich” films than in Cu-poor ones.25 The avail-

able literature on CuInSe2 implies a similar behaviour2 with

higher net doping in Cu-rich material. Taking into account

that the copper vacancy is supposed to be main acceptor in

CIS,26,27 it may seem surprising that the doping level in

Cu-rich material is higher. But one also has to take into

account that Cu-poor material is not only achieved by intro-

ducing Cu vacancies but also InCu antisites, which are

thought to be donor-like defects26,27 and would increase the

level of compensation. Thus, as discussed above, the degree

of compensation is higher in Cu-poor material; in addition,

although the density of acceptors might be higher, the net

doping is lower than in “Cu-rich” material. To check these

effects for our solar cells, the doping concentrations have

been investigated.

V. DOPING LEVEL EVALUATION

With the data from CV measurements, the net doping

level of each absorber was estimated. Based on the simple

model of a perfect p-n junction, the slope of the plot of C�2

over the voltage applied provides the doping NA of the

material21

TABLE III. Summary of the collection properties of each sample. The space

charge region width WSCR is obtained from Eq. (6) thanks to capacitance

measurements while the collection length Leff result from the fitting of the

external quantum efficiency (Eq. (1)) in the long wavelength regime. From

these two, we obtain Ldiff from their difference, as shown in Eq (2).

Sample number Leff (lm) WSCR (nm) Ldiff (lm)

1 1.98 372 1.6

2 2.19 504 1.68

3 2.31 325 1.98

4 2.8� d 222 >2.5

5 3.2� d 231 >2.96

6 3.5� d 218 >3.28

044503-5 Depr�edurand et al. J. Appl. Phys. 115, 044503 (2014)
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1

C2
¼ 2� ðVbi � VdcÞ

e� e� e0 � A2 � NA
; (7)

where Vbi is the built-in voltage, Vdc is the voltage applied,

and e the elementary charge. The results obtained (see

Table I) confirm the higher doping of “Cu-rich” material.

Thus, with better collection length, in spite of a shorter

SCR width, Cu-rich based solar cells should have better cur-

rents. But still Jsc of Cu-poor devices is higher. As seen in

Table II, the diode factor n of the Cu-rich device is above 2,

therefore this loss in current could be due to recombination

in the SCR enhanced by tunneling:23 if the electric field pres-

ent in the SCR is strong enough, the density of carriers avail-

able for recombination within the SCR is increased due to

the finite probability of carriers for tunneling into states in

the bandgap. As described in Ref. 23, such a strong electric

field requires that the doping density in the absorbers NA

exceeds 2� 1016 cm�3, which is here the case for the

Cu-rich devices. This is also linked with an increasing satu-

ration current J0 for an increasing net-doping of the films

with tunneling enhancement23 as we observe from Cu-poor

to “Cu-rich” device in Table II.

To confirm this statement, SCAPS simulations28 have

been performed with a standard model of CIS device for dif-

ferent doping levels of the absorber and with tunneling

included. The simulated influence of tunneling associated

with higher doping on the QE curve is depicted in Figure 4.

The higher doping (blue curve) leads to steeper bands in the

space charge region and thus allows much more tunnel

assisted recombination, which in turn leads to a reduced col-

lection even in the SCR. The whole QE spectrum almost in-

dependent of the wavelength is thus reduced by a constant

factor. The difference of response between the two curves in

the short wavelength range affected by absorption in the

buffer layer could be an artefact of the simulation and

depends strongly on the details of the defects at the interface

CdS/CIS influenced by the strong electrical field induced for

absorbers with a high doping. It was not the intent of these

simulations to describe the effects in the buffer, but to inves-

tigate how tunnelling due to high doping level influences the

short circuit current. The analysis of the experimental QE

curves (Figure 2(b)) showed that the difference between the

Cu-poor devices and the “Cu-rich” ones is given by a con-

stant ratio of their QE. Therefore, the ratio of the two simu-

lated QE curves is plotted versus the wavelength k (green

line) as well as the ratio (dashed lines) of the QEx of

“Cu-rich” devices (where x refers to the sample number) to

the QE3 of the Cu-poor sample number 3. One can notice

that the difference in QE between the “Cu-rich” and the

Cu-poor devices is described by an almost constant factor,

which is well reproduced by the ratio of the simulated curves

with high and low doping. This result indicates that the loss

of current can be fully described by the change of a sole pa-

rameter: the different net doping of the absorber. In conclu-

sion, the losses in current in Cu-rich based solar cells are

most likely due to tunneling enhanced recombination in the

SCR, caused by a higher doping and a steeper band bending.

In polycrystalline Cu-poor Cu(In,Ga)Se2 films, the

net-doping levels are affected by additional doping by so-

dium, diffusing from the glass substrate. Several investiga-

tions have shown that net-doping in Cu(InGa)Se2 films is

increased by the presence of Na,29 potentially due to the

elimination of the compensating antisite donor defect InC
30

or due to an improved generation of acceptors,31 at the same

time increasing the degree of compensation due to the effect

of self-compensation.32 The effect is more pronounced in

Cu-poor than in “Cu-rich” films.33 No direct comparison of

the doping level of Cu-poor and “Cu-rich” Cu(InGa)Se2 in

the presence of Na has been made so far. Therefore, a second

series of samples was prepared on 4 different substrates in

order to control the Na supply and consequently to decrease

the doping level of the films: a standard soda lime glass with

a SiO2 diffusion barrier, which blocks the Na diffusion from

the glass, and 3 substrates with the diffusion barrier on the

standard soda-lime glass together with a Na containing pre-

cursor layer (NaF), the thickness of which is controlled

(nominal thickness: 6, 12, and 24 nm). Two “Cu-rich”

absorbers with different Cu-excess were grown on the four

different kinds of substrates during the same deposition pro-

cess, as well as a standard 3-stage Cu-poor CuInSe2 grown

by 3-stage process,16 for comparison.

Inductively coupled plasma mass spectrometry (ICP-

MS) evaluations on the as grown absorbers prove the effi-

cacy of the barrier as shown on Figure 5: no sodium is

detected with the barrier. In addition, they confirm the

increased amount of sodium atoms in all films with the

increased thickness of NaF layer. The solar cells characteris-

tics are summarized in Table IV. The same trends as in the

literature are observed with Cu-poor cells: improved effi-

ciency with Na doping. The IV curves were also fitted with

the software ivfit and one can notice that the diode quality

factor of the Cu-poor devices are below 2 whereas this factor

is above 2 for all Cu-rich based solar cells, which points

again toward tunneling enhanced recombination losses, irre-

spective of the sodium content. Moreover, CV measurements

were performed on the resulting cells and both the SCR

FIG. 4. Influence of tunneling and the doping level of the absorber on the

QE spectra; QE ratio of the simulated curves as well as the ratios of the

experimental QE of Cu-rich cells by the QE of the Cu-poor sample number

3 (dashed lines).
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width and the doping of the absorbers were determined from

the simple one-diode model. Figure 6(b) displays the evolu-

tion of the doping concentration for both Cu-poor and “Cu-

rich” films. For the Cu-poor sample, the same result as stated

in the literature is obtained: the doping value of the Cu-poor

samples increases with the increase of Na supply.29 On the

other hand, the doping of the “Cu-rich” samples regardless

the composition stays stable at a high value (around

4� 1016) whatever the Na supply and even without Na diffu-

sion. The doping level of “Cu-rich” solar cells is already so

high that addition of Na has no influence on the doping level.

This correlates with the WSCR of the “Cu-rich” samples,

which remains small and constant whatever the substrates

used (Figure 6(a)). As conclusion, the high doping value of

the “Cu-rich” absorbers could not be controlled and

decreased by controlling the Na supply.

VI. CONCLUSION

In this work, “Cu-rich” and Cu-poor absorbers layers

have been thoroughly investigated in order to understand

why, even with a better absorber quality, “Cu-rich” solar

cells do not perform better than Cu-poor ones and especially

show an unexpected lower current. One limitation of

“Cu-rich” solar cells that has been determined is a very short

space charge region width. However, this short SCR is not

an issue for the collection length; it is demonstrated that the

FIG. 5. ICPMS measurements performed on the 4 Cu-rich films

(Cu/In¼ 1.2) versus the thickness of the NaF deposited on SLG/SiO2/Mo

substrates: evolution of the Na content in the CIS film and in the

molybdenum.

FIG. 6. Evolution of the WSCR (a) and the doping level (b) versus the thick-

ness of the NaF deposited on SLG/SiO2/Mo substrates for CIS solar cells

with different composition.

TABLE IV. Solar cells parameters for varying Na content.

Sample NaF (nm) Voc (mV) JSC (mA/cm2) F.F. g (%) A NA (cm�3)

Cu-poor Cu/In¼ 0.9 0 215 35.1 0.4 2.9 … 1.2� 1015

6 390 40.6 0.6 9.6 1.9 1.1� 1015

12 370 38.5 0.54 7.6 1.7 1.6� 1015

24 420 39 0.61 10.0 1.8 9� 1015

Cu-rich Cu/In¼ 1.2 0 344 33.6 0.47 6.4 2.9 4.0� 1016

6 349 35.3 0.49 8.2 2.5 3.0� 1016

12 360 36.3 0.49 8.1 2.6 2.5� 1016

24 380 36.1 0.55 7.8 2.3 2.9� 1016

Cu-rich Cu/In¼ 1.4 0 353 36.3 0.52 6.6 2.1 3.8� 1016

6 380 38.6 0.56 8.3 2 2.9� 1016

12 384 37.4 0.58 8.3 2.1 3.1� 1016

24 386 33.7 0.57 7.4 2.2 2.5� 1016
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“Cu-rich” devices exhibit better collection properties than

Cu-poor ones in spite of their shorter SCR width. The low

current was attributed to tunneling enhanced recombination

due to a stronger net doping and a higher band bending of

the “Cu-rich” devices. Thus, particular attention was given

to the investigation of the doping level of the “Cu-rich”

absorbers deposited on different substrates with different Na

supply, in order to decrease the doping level of the “Cu-rich”

films and thus if possible removing of the tunneling

enhanced recombination in the SCR. Unlike the Cu-poor

ones, the doping level of the “Cu-rich” absorbers cannot be

decreased and controlled by varying the Na supply.
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