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Influence of band gradients on Cu(In,Ga)Se2 solar cell diode factors

Thomas Orgis,a) Matthias Maiberg,b) and Roland Scheerc)

Martin Luther University Halle-Wittenberg, Fachgruppe Photovoltaik, Von-Danckelmann-Platz 3 06120 Halle
(Saale), Germany

(Received 21 August 2013; accepted 19 November 2013; published online 6 December 2013)

The influence of band gap gradients on the charge collection and diode quality factor of solar cells

is investigated by device simulation. A back surface band gap gradient manifested as a gradient of

the conduction band is found to lead to an increased diode quality factor. Thus, the positive

influence of the gradient on the fill factor is partially counterbalanced by the diode quality factor

increase. The reason for the latter is the enhanced contribution of space charge region

recombination. If the cell is equipped with a double gradient at front and back surfaces, the

detrimental diode factor increase can be suppressed. The relevance of the findings is investigated

using different carrier lifetimes and doping levels. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4840995]

I. INTRODUCTION

Recombination in heterostructure solar cells, being

essentially p-n diodes, can take place at different sites: At

the interfaces, in the space charge region (SCR) or in the

quasi-neutral region (QNR). In fact, all recombination sites

will be active in parallel.1 However, in terms of limitation of

open-circuit voltage Voc, one of these mechanisms may be

dominant. A means to elucidate this dominant recombination

site is to determine the diode factor and activation energy of

the diodes. This paper considers solar cells which, due to an

appropriate conduction band alignment at the heterointer-

face, are immune against interface recombination and which

are limited by bulk recombination.2 Then, there are two pos-

sibilities: Either SCR recombination, which will show up

with a diode factor near A � 2, or recombination in the

QNR, which has A � 1, will dominate. In both cases, the

activation energy of the saturation current density will equal

the band gap energy.1

There are particular cases of SCR recombination where

A systematically deviates from 2. Values of A larger than 2

can occur due to tunneling enhanced recombination,3 recom-

bination via coupled defects,4 saturated donor-acceptor pair

recombination,5 or fluctuating band gap energies.6 Values of

A between 1 and 2 can occur for SCR recombination in the

presence of an exponential distribution of defect energies in

the band gap.7 For larger lifetimes, i.e., for QNR recombina-

tion, A factors considerably larger than 1 cannot be explained

so far.

The present work investigates the effect of a band gap

gradient on the diode factor by device simulation. While the

corresponding device model is implemented in 3D, effec-

tively only 1D structures are employed, as the band gap gra-

dient extends along one dimension only. Grain boundary

effects are currently not considered. Simulations show that

the grain boundary recombination velocity in efficient

Cu(In,Ga)Se2 (CIGS) solar cells is only in the range of

103 cm/s and thus small.8 In addition, the diode quality factor

was found to be unaffected if grain boundaries are within

SCR and QNR.9 Thus, the conclusions of the following study

will be valid also in the presence of grain boundaries.

It turns out that for cells exhibiting high carrier lifetime

(sn0;p0 � 10 ns) and a conduction band gradient towards the

back contact the derived A factor near Voc will be larger than

1, however, with a considerable voltage dependence. Such a

large diode quality factor was reported for a champion CIGS

laboratory solar cell with efficiency gEC¼ 20.3% and

A¼ 1.4.10 As typical CIGS solar cells exhibit a band gap gra-

dient due to a gradient in the Ga/(Ga þ In) ratio, the simula-

tions offer an explanation for the so far puzzling experimental

results.

This study complements earlier simulation work on gra-

dients in solar cell absorbers that focused on the possible ef-

ficiency gains compared to non-graded devices, considering

the reduced back surface recombination11 and also perform-

ance of combined front and back gradients.12,13

II. SIMULATION SETUP

The Synopsys
VR

Sentaurus Advanced TCAD suite is

employed to model an idealized CIGS cell with constant

properties for the layers apart from the band gradient in the

absorber. Contacts are Ohmic with fixed recombination

velocities. The device is dominated by recombination inside

the absorber bulk with minor contribution by the back con-

tact, as recombination in window and buffer as well as at the

heterointerface is intentionally excluded (i.e., corresponding

to passivation via front gradient in valence band) and the

back contact minority recombination velocity is set very low

at Sn¼ 100 cm/s. Model parameters are shown in Table I,

while Figure 1(a) represents the general band structure of

the device. Volume recombination is treated via the

Shockley-Read-Hall (SRH) model with constant carrier life-

time s for both electrons and holes, corresponding to a

mid-gap distribution of efficient recombination centers.
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Doping and lifetime values are chosen according to the find-

ings by Metzger et al.8 and the standard CIGS device sug-

gested by Scheer and Schock.1

Bandgap gradients are achieved via linear variation of

modeled material composition within a single material layer,

in contrast to stepped layers,12,13 which in the chosen setup

only affects resulting band gap and electron affinity. The

absorption spectrum is fixed on a reference data set for CIS,

the effect of increasing band gap on number of actually gen-

erated charge carriers being included in the runs denoted by

“computed generation.” Thus, with the bandgap monotoni-

cally increasing towards the back contact and absorption of

reflected light from the back contact not being of concern

here, the net result is similar to the approach of shifting the

absorption edge, as performed by Gloeckler and Sites.13

Since this study focuses on the effects of the bandgap

gradient on carrier collection and diode current, the main set

of runs neglects the effect of gradients on generation by

employing a fixed generation profile corresponding to zero

gradient length, i.e., gradient onset d¼ 3 lm. These data sets

are labelled with “fixed generation” opposed to “computed

generation.”

The length of the conduction band gradient is varied and

then characteristics are computed for a range of illumination

intensities. One variation data set consists of current-voltage

characteristics j(V) for 20 gradients and 20 illumination

intensities.

III. ANALYSIS

As we are interested in detectable device parameters as

the outcome of a band gap gradient, we shortly give an over-

view of the analysis methods used to extract these parame-

ters from the experimental data.

A. Basic j(V) characteristics

The basic solar cell parameters are taken from a single

simulated j(V) curve, using spline interpolation for enhanced

accuracy where appropriate. The energy conversion effi-

ciency gEC is defined as the relation of the maximum power

density extracted from the device, given via Vmpp and

jmpp ¼ jðVmppÞ, to the input illumination power density. jsc is

the absolute value of j(0), Voc the voltage with j¼ 0. Derived

from those is the fill factor FF ¼ Vmppjmpp=ðVocjocÞ.

B. Diode factor

In any diode model, the diode factor A is a parameter

controlling the degree of voltage dependence of the current,

i.e., the “steepness” of the j(V) curve. It is related to the fill

factor FF with the general trend of decreasing FF with

increasing A. Without shunt and series resistances a single

diode model is defined through the illuminated current

equation

jðVÞ ¼ j0 exp
qV

AkT

� �
� 1

� �
� jscgðVÞ: (1)

The diode factor can be calculated from a set of j(V)-curves

with different illumination levels by evaluating correspond-

ing Voc and jscgðVocÞ values. With

jðVocÞ ¼ 0 ¼ j0 exp
qVoc

AkT

� �
� 1

� �
� jscgðVocÞ (2)

and the approximation

exp
qVoc

AkT

� �
� 1) ln

jscgðVocÞ
j0

� q

AkT
Voc (3)

the diode factor can be computed from the logarithmic slope

A � q

kT

d

dVoc

ln
jscgðVocÞ

j0

� ��1

: (4)

At this point, we have implicitly assumed that a single

diode model is sufficient to describe the current-voltage rela-

tion around Voc, i.e., around the point of interest. Although

this is a harsh simplification, we note that applying a

one-diode model is common experimental practice for poly-

crystalline thin film diodes. An example of some plots of

ln jscgðVocÞ=ðmA=cm�2Þ
� �

against Voc in Figure 2 shows the

changes in slope and hence diode factor for varying illumina-

tion. These changes might be non-trivial to diagnose for

measured data that adds statistical errors. In consequence,

one may interpret the j(V) curve with a single diode model

and may extract the relevant diode factor from the slope

around Voc.

FIG. 1. (a) Device structure and band diagram, the three device layers (from

left to right: window, buffer, absorber) being indicated in the band diagram

via vertical lines and the onset point d (distance from interface) defining the

extend of the conduction band gradient. (b) Electrostatic potential / along z
for determination of SCR width wa, including the defining intersection with

the level of kT/q above minimum. Lowdope case with s ¼ 100 ns; d ¼
1:57 lm and computed generation with jE ¼ 100 mW=cm2 at open circuit.
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C. Collection efficiency and collection function

The external collection efficiency g(V) needed here is

estimated from the difference between j(V) characteristics

with differing illumination, denoted jm and jn,

gðVÞ � jnðVÞ � jmðVÞ
jsc;n � jsc;m

: (5)

In the ascending series of illumination intensities, the arith-

metic mean of g with the previous and the next intensity in

the series (if available) is used. The collection function is

determined by a series of simulations that artificially increase

carrier generation on grid nodes on top of the normal genera-

tion and measure both the resulting integral increase of

generation in the discretized model domain and the corre-

sponding integral increase in device current. In the case at

hand with 3D setup and 1D structure, the computation of the

collection function gc (z) along z is achieved by selecting 2D

slices sharing a z coordinate.

D. SCR and QNR

Having excluded other recombination channels, there

remain two idealized contributions dominating the diode cur-

rent: The currents due to SRH recombination in the SCR and

in the QNR. Theory associates the QNR current with A¼ 1

and the SCR current with A¼ 2.

To distinguish the SCR region from the QNR region, a

suitable definition of the SCR width wa is needed, especially

under illumination. The approach taken here defines the bor-

der of the space charge region at the point the electrostatic

potential crosses the level of kT/q above the minimum

(Figure 1(b)). The spatially integrated recombination rate in

the SCR and QNR is computed from the simulated recombi-

nation profiles. Then, the quantity

rrec ¼

ðwa

0

RðzÞdz

ðwa

0

RðzÞdzþ
ðda

wa

RðzÞdz

(6)

TABLE I. Model parameters. If back surface grading is active, the absorber conduction band is raised by 0.25 eV towards the back contact, with varying length

of graded region. For some simulations, front surface gradient of 0.125 eV is added. Interfaces are modeled defect-free with thermionic emission. Illumination

for computed generation is specified by scaled AM1.5g spectra.

General parameter Symbol/unit Value

Temperature T/K 300

n/p thermal velocity vth=ðcm=sÞ 1� 107

Volume parameter Symbol/unit Window Buffer Absorber

Depth d=lm 0.5 0.05 3

Electron affinity v/eV 4.3 4.3 4.3

Band gap Eg/eV 3.4 2.4 1.2…1.45

Relative permittivity � 9 12 12

Electron mobility ln=ðcm2=V sÞ 50 50 50

Hole mobility lp=ðcm2=V sÞ 20 20 20

CB effective state density NC=cm�1 4� 1018 2� 1018 2� 1018

VB effective state density NV=cm�1 9� 1018 2� 1019 2� 1018

p doping NA=cm�3

“lowdope” — — 1� 1015

“normdope” — — 1� 1016

“highdope” — — 1� 1017

n doping ND=cm�3 1� 1018 1� 1015 —

Radiative rec. Crad/s–1 0 0 7.7� 10–11

SRH lifetime n/p s/ns — — 1, 10, 100

Contact parameter Symbol/unit Front Back

n surface recombination velocity Sn/(cm/s) 1� 107 1� 102

p surface recombination velocity Sp/(cm/s) 1� 107 1� 107

FIG. 2. Logarithm of jscgðVocÞ as a function of Voc for graded cells

(d ¼ 0:43 lm) of different doping levels in comparison to non-graded cells

(d ¼ 3 lm). The non-constant slope determines the illumination-dependent

diode factor. Case of computed generation with s ¼ 10 ns.
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is calculated, giving the ratio of SCR recombination over

total recombination. This recombination index indicates dom-

inance of SCR recombination for rrec¼ 1 and dominance of

QNR recombination for rrec¼ 0. As laid out in by Scheer and

Schock1 (p. 59, without tunneling), this relation varies with

changing carrier lifetimes due to the differing dependency of

the respective reference current densities j00,scr and j00,qnr

(and, by extension, j0 ¼ j00exp �Ea=AkTð Þ) on s. It holds

j00;scr ¼
kT

Fm

p
2

NCNV

s2

� �1
A

)
A¼2

j00;scr �
1

s
(7)

and

j00;qnr ¼ q
DnNCNV

NA

d

dz
gcðwaÞ|fflfflfflfflffl{zfflfflfflfflffl}

�1=L�1=
ffiffi
s
p

) j00;qnr �
1ffiffiffi
s
p (8)

with densities of states NC and NV, electron diffusion coeffi-

cient Dn, field at maximum recombination Fm, and unit

charge q. Hence, for increasing s, j00,scr becomes more

strongly reduced and rrec shifts towards zero. In conse-

quence, a shift of the diode factor towards A¼ 1 due to dom-

inance of QNR recombination is expected. While the

influence of s and rrec is clear, there is also a dependence on

SCR widths and on bandgap gradients influencing the charge

carrier collection.

IV. RESULTS AND DISCUSSION

In the following, we systematically vary the back surface

gradient lengths for three different absorber doping levels

(NA ¼ 1� 1015 cm�3; 1� 1016 cm�3, and 1� 1017 cm�3,

subsequently referred to as “lowdope,” “normdope,” and

“highdope,” respectively). This will illustrate the differing

influence of the SCR, due to its width strongly depending on

the doping density. As carrier lifetime, we first chose 10 ns.

Later, we also change the lifetime to 1 ns and 100 ns. Gradients

are defined through the distance d of the gradient onset point

from the buffer/absorber interface. Longer gradients are indi-

cated by smaller d (Figure 1). At the end, we will also add a

front surface gradient.

A. Gradient variation with normdope

The desired effect of a back surface bandgap gradient is

to reduce recombination and enhance collection in the

QNR—see analytic treatment by Green.14 As shown in

Figure 3(a), the collection function gc in the QNR

(0:3 lm < z < 3 lm) increases for decreasing d and saturates

around d � 0:3 lm. In addition, the external collection effi-

ciency at the maximum power point gðVmppÞ increases. As

the collection function at point z gives the probability of a

charge carrier generated at z to be collected, we expect an

increase in short-circuit current with decreasing d. This is

indeed evident in Figure 4(b), at least for d > 0:7 lm. But

also the open-circuit voltage increases in Figure 4(b). This

becomes possible due to a decrease of j d
dz gcðzÞj, according to

the reciprocity theorem for charge collection.15 The fill fac-

tor exhibits a clear maximum at d � 0:3 lm. The obvious

negative effect of too long gradients is a smaller jsc due to

reduced generation. When disregarding this effect of the

widened bandgap by fixing the carrier generation to the case

without gradient, one can analyze the electrical effects in iso-

lation: As Figure 4(a) shows, the values of FF for computed

and fixed generation are almost identical. The same is true

for Voc, where we see the effect of increasing effective band

gap. Differences in gEC between computed and fixed genera-

tion then are only a result of varying carrier density. This

brings us to the point that we can discuss the FF effect as the

major factor determining the maximum of gEC for the (realis-

tic) case of computed generation. In accordance with other

studies,13 we find that an optimum gradient extends from the

end of the space charge region to the back contact.

The new aspect presented in this study is the comparison

of the diode factors derived at Voc. Here, we consider the

case of computed generation, which shows the same behav-

ior as the fixed generation case. The map of diode factors for

different gradients and illumination levels is represented in

Figure 5(c). The diode factor changes in a range from about

1.2 to 1.8. It generally increases with gradient length and

decreases with illumination power density. Together with the

collection efficiency, the diode factor has a distinct influence

on FF. We may verify this by seeking an analytical expres-

sion of FFðgðVmppÞ;AÞ. From the relation Eq. (1), we calcu-

late FFðgðVmppÞ;AÞ in the limit of the approximations

FIG. 3. (a) Collection function gcðzÞ at 100 mW/cm2 for different onset d of

back surface gradient. (b) Map of external collection gðVmppÞ with varying

back surface gradient and illumination (with contours corresponding to tick val-

ues on the color bar). Normdope case with s¼ 10 ns and computed generation).
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d

dV
g

� �
mpp

� 0; gðVocÞ � gðVmppÞ (9)

and

ln 1þ qVmpp

AkT

� �
� ln 1þ qVoc

AkT

� �
(10)

and obtain

FF ¼ gðVmppÞ

qVoc

AkT
� ln

qVoc

AkT
þ 1

� �
qVoc

AkT
þ 1

: (11)

Thus, the collection efficiency modifies the expression

for the ideal FF.16 A higher g(Vmpp) gives rise to a larger

FF. Equation (11) can be further simplified for qVoc

AkT � 1 to

FF � gðVmppÞ 1� AkT

qVoc

ln
qVoc

AkT

� � !
; (12)

showing a quasi-linear negative dependence of FF on A.

Now, looking at the diode factor in Figure 5(c) at the

cut of jE ¼ 100 mW=cm2 and the collection efficiency in

Figure 3, we find the reason for the distinct maximum of FF
in Figure 4(a) in the variation of A and g(V): For a too long

gradient, the gain in collection is counterbalanced by the

FIG. 4. Solar cell parameters for simulation run with computed generation

compared to fixed generation depending on back surface gradient onset d,

for normdope with s¼ 10 ns at jE ¼ 100 mW=cm2, showing gEC and FF in

(a) and jsc and Voc in (b).

FIG. 5. Parameter maps for diode fac-

tor A ((a), (c), (e)) and recombination

index rrec ((b), (d), (f)) for the runs

with s¼ 10 ns, with low ((a), (b)), nor-

mal ((c), (d)) and high ((e), (f)) doping,

each covering differing gradients

onsets d and illumination jE. Shown

case is fixed generation, diode factor

being practically identical to computed

generation case. Contours correspond

to tick values on the respective color

bar.
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increasing diode factor (Figure 6(b)). Despite a small offset,

the calculated FF shown in Figure 6(a) resembles the general

trend of the measured FF.

In order to understand the diode factor increase with the

gradient length, we consider the recombination index as a

function of d in Figure 5: Obviously, rrec becomes larger for

smaller d. There is a significant decrease in QNR recombina-

tion and, correspondingly, an increase in SCR recombination

with smaller d. Now, a shift towards dominance of SCR

recombination means higher diode factors.

The correlation between A and rrec is also generally

apparent in the normdope scatterplot of Figure 7(d). In a

scatterplot, clustering of data points along a straight line

indicates a linear relation between the parameters under

investigation. For intermediate values of A and rrec there is a

strong correlation in Figure 7(d), so that for the case of nor-

mal doping with s¼ 10 ns, the recombination index is the

main parameter explaining the variation of diode factor. But

systematic drift of the points especially with high illumina-

tion power density is also visible.

B. Different doping densities (changing SCR width)

Further simulations explore if the correlation between

rrec and A also holds for other absorber doping, thereby

FIG. 7. Case of back surface gradient

and fixed generation. Left ((a), (c),

(e)): Diode factors depending on Voc

(due to corresponding illumination) for

the three doping cases, with and with-

out gradients, for carrier life time of

1 ns (a), 10 ns (c) and 100 ns (e). Right

((b), (d), (f)): Correlation scatterplots

for A and rrec, for the same data sets

and lifetimes, but covering all com-

puted gradients. Connected dots share

the illumination level, the arrow indi-

cating the general direction towards

higher illumination.

FIG. 6. (a) Calculated values of FF for a back surface gradient according to

Eq. (11) using simulated values of A and g(Vmpp). (b) Diode factors for a

simple back surface gradient (full line with circles) from Figure 5(c) (cut at

100 mW/cm2) and for combined front and back surface gradients (dashed

line with filled circles) as a function of gradient onset d.

214506-6 Orgis, Maiberg, and Scheer J. Appl. Phys. 114, 214506 (2013)



modifying the width of the SCR. With the normdope case of

NA ¼ 1� 1016 cm�3, the SCR width is wa � 0:1 lm at one

sun (jE ¼ 100 mW=cm2). When increasing the doping to

NA ¼ 1� 1017 cm�3, the width reduces to wa � 0:015 lm,

while a decrease of the doping to NA ¼ 1� 1015 cm�3

prompts larger wa � 0:32 lm. The actual volume available

for SCR recombination limits the impact a gradient can exert

on the diode factor. In the case of high doping density and

small SCR width wa (Figures 5(e) and 5(f)), the diode factor

only varies below 1.2, that variation also being largely

explained by the recombination index (Figure 7(b)). This de-

vice is clearly dominated by QNR recombination and

changes in relative recombination strength are small.

With lowered doping density and a wider SCR, a gener-

ally higher diode factor is expected. This is evident in

Figures 5(a) and 5(b), but the relation to rrec is not that clear.

For low illumination, rrec and A agree well, but for higher

light intensities, A changes independently of rrec. The diode

factor starts to rise with higher illumination, after falling

towards one sun. This can be explained by the excess hole

density which becomes comparable to the doping density.

Under powerful illumination and with sufficiently low dop-

ing, both electron and hole densities start to vary with illumi-

nation (and hence rising OC voltage) also in the QNR (hole

quasi Fermi level varies), and hence the recombination in the

QNR actually changes character, approaching diode factor 2.

This explains the disturbed correlation in the scatterplot in

Figure 7(d), corresponding to Figures 5(a) and 5(b).

C. Overview with differing lifetimes

Finally, the carrier lifetime s is varied. Runs with

s¼ 1 ns, 10 ns, and 100 ns for three doping regimes are repre-

sented in Figure 7. We compare the diode factor dependence

on Voc without gradient (d3.00, d ¼ 3 lm) and with effective

gradient (d0.43, d ¼ 0:43 lm) on the left side (a, c, e) and

show on the right (b, d, f) the correlation between recombi-

nation index and diode factor for the whole parameter space

(gradients and illuminations) in scatterplots.

As a general trend, the diode factor decreases with Voc

exhibiting the transition from SCR to QNR recombination.

That slope saturates at some point and, especially for low

doping, a raise of diode factor can be discerned after that.

This overview shows that increasing lifetime, by

enhancing QNR recombination relative to SCR, generally

shifts the diode factor towards 1, matching the expectation

noted before. For very low lifetime, there is barely any effect

of the bandgap gradient on the diode factor, while with high

lifetimes, the increase in diode factor is very pronounced for

low and normal doping densities, consistent with the more

prominent role of QNR recombination, in accordance with

Eqs. (7) and (8). Whatever variation of diode factor there is,

it is generally well correlated to the change in recombination

index, but decreasingly so for lower doping because of the

excess hole densities in the QNR becoming significant at

high voltages, as discussed before. This effect scales with

the doping density, peaking in the upwards turn of A over

Voc for low doping or high lifetime, but also being noticeable

at normal and high doping densities and lower lifetimes.

D. Influence of combined back and front surface
gradients

In response to the observed non-optimum effect of a

simple back surface gradient with the drawback of increased

SCR recombination, one can use combined back and front

surface gradients.12,13 Here, we select a front surface gradi-

ent (0.125 eV) having a height 50% of the back surface gra-

dient (0.25 eV). This gives an asymmetric V-shaped profile

of the conduction band edge now with onset d of both gra-

dients (notch point). Again, we investigate the effect of d on

the solar cell parameters and chose the computed generation

case. In Figure 8, we find a maximum efficiency with a notch

point at 0.2 lm, which is near the SCR boundary.

The maximum in gEC is again due to a maximum in FF,

while the effects on Voc and Jsc largely compensate each

other. Beyond the optimum d point, the efficiency severely

drops to a value below that of the non-graded reference cell

(see sample with d ¼ 3 lm in Figure 4). However, the maxi-

mum efficiency exceeds the simple back contact case. This

is mainly due to a reduction of SCR recombination as under-

lined by the reduced diode factor in Figure 6(b).

V. CONCLUSIONS

This investigation complements earlier work concerned

with the net effect on efficiency exerted by bandgap back

surface gradients, by analyzing the resulting diode factor at

open circuit and related parameters. Depending on doping

density and lifetime, there can be a significant effect of the

gradient on diode factor, namely an increase of A by decreas-

ing the QNR recombination. As long as high injection does

not change the character of QNR recombination, the changes

in diode factor can be simply traced back to the relative

FIG. 8. Solar cell parameters for simulation run with combined front and

back surface gradient depending on gradient onset d, for normdope with

s¼ 10 ns at jE ¼ 100 mW=cm2 (compare Figure 4), showing gEC and FF in

(a) and jsc and Voc in (b). Case of computed generation.
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strength of SCR recombination (A¼ 2) relative to QNR

recombination (A¼ 1), embodied in the recombination index

rrec (rrec¼ 0 for total QNR domination, rrec¼ 1 for SCR).

There is a combination of the efficiency-enhancing effect

of improved collection and hence increased Voc and jsc and a

shift towards higher A factors. It follows that, for instance, if a

highly efficient CIGS solar cell is dominated by bulk recombi-

nation in the absorber and features a Ga gradient giving rise to

a bandgap back surface gradient like investigated here (quali-

tative agreement with experimental works),17,18 it is bound to

have a diode factor significantly larger than 1, as observed by

Jackson et al.10 This increased diode factor is responsible for

partial out-balancing of the increase of the fill factor by the

enhanced collection, which matches the relatively low fill fac-

tor observed by Jackson et al.10 The detrimental diode factor

effect can be largely circumvented by a combination of back

and front surface gradients.

The study of the characteristics for different doping den-

sities and carrier lifetimes confirms theoretical expectations

about scaling of gradient influence with SCR width as well

as diode factor shifts with lifetime, and also the more com-

plex behavior when approaching high-injection regimes.

ACKNOWLEDGMENTS

This work has been supported by the BMBF project

GRACIS (03SF0359H). We thank the anonymous reviewer

for the helpful comments.

1R. Scheer and H. Schock, Chalcogenide Photovoltaics (WILEY-VCH,

Weinheim, Germany, 2011).
2R. Scheer, J. Appl. Phys. 105, 104505 (2009).
3U. Rau, Appl. Phys. Lett. 74, 111 (1999).
4A. Schenk and U. Krumbein, J. Appl. Phys. 78, 3185 (1995).
5O. Breitenstein, P. Altermatt, K. Ramspeck, M. Green, J. Zhao, and A.

Schenk, in Proceedings of the 4th World Photovoltaic Solar Energy

Conference (IEEE, 2006), p. 879.
6J. Werner, J. Mattheis, and U. Rau, Thin Solid Films 480–481, 399

(2005).
7T. Walter, R. Herberholz, and H. Schock, Solid State Phenom. 51–52, 309

(1996).
8W. Metzger, I. Repins, M. Romero, P. Dippo, M. Contreras, R. Noufi, and

D. Levi, Thin Solid Films 517, 2360 (2009).
9M. Gloeckler, J. R. Sites, and W. K. Metzger, J. Appl. Phys. 98, 113704

(2005).
10P. Jackson, D. Hariskos, E. Lotter, S. Paete, R. Wuerz, R. Menner, W.

Wischmann, and M. Powalla, Prog. Photovoltaics 19, 894 (2011).
11T. Dullweber, O. Lundberg, J. Malmstr€om, M. Bodegård, L. Stolt, U. Rau,
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