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The degradation of CuInSe2 absorbers in ambient air is observed by the decay of the quasi-Fermi

level splitting under well defined illumination with time. The decay is faster and stronger in

absorbers with ½Cu�=½In� < 1 than in ones with a higher ratio. It can be attributed to the oxidation of

the sample. Epitaxial films containing no Na show very similar trends, indicating that decay and

oxidation are independent of the Na content. A standard CdS layer commonly used as buffer in solar

cells, terminates the decay even over many months. Aged absorbers can be completely restored by a

KCN etch. VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4752165]

CuðIn;GaÞSe2 is used as an absorber in thin film solar

cells, showing the highest energy conversion efficiencies of

all thin film solar cell technologies.1 A key point for achiev-

ing the latest record efficiency has been reducing the delay

between the deposition of the various layers of the solar

cell.2 A major factor is the degradation of the bare absorber

layer, which has been investigated previously using time

resolved photoluminescence measurements (TRPL).3 TRPL

measures the minority carrier lifetime, which in state of the

art material was found to be high (�250 ns). The lifetime

decreases by more than two orders of magnitude when the

absorber is stored in air for 24 h. Storage in inert gas or vac-

uum slows the degradation significantly.3,4 Thus, it can be

assumed that the degradation is related to an oxidation of the

surface by either oxygen or water in ambient air. Oxidation

of CuInSe2 and CuGaSe2 has been investigated.5–7 In both

cases, it has been found that the oxide consists predomi-

nantly of the group III cation with some SeO2. Investigations

of water absorption of the alloy CuðIn;GaÞSe2
8 show that it

is only weakly physisorbed at low temperatures and desorbs

at room temperature. However, in the presence of Na, water

forms a stable complex with the CuðIn;GaÞSe2 surface.

TRPL studies have been performed on Na containing, poly-

crystalline films on glass, leaving the question open if the

degradation is caused by oxygen or water. The reduced life-

time observed in TPRL measurements after 24 h of degrada-

tion in air is due to an increased amount of recombination,

which directly reduces the open circuit voltage (VOC). A loss

of VOC of 150 meV has been observed for absorbers stored in

air for 24 h.3 By applying calibrated room temperature pho-

toluminescence (PL) spectroscopy, a direct measurement of

the maximum VOC of an absorber is determinable from the

quasi-Fermi level splitting (qFLs).9,10 Thus, the degradation

of the potential VOC during air exposure can be followed and

ways to stabilize or recover the absorber can be studied. The

ternary CuInSe2 is investigated on polycrystalline absorbers

grown on soda-lime glass—hence containing Na—as well as

on Na-free epitaxial films grown on GaAs. Both films with

½Cu�=½In� < 1, as used in the record solar cells2 and in com-

mercial modules11 as well as films with ½Cu�=½In� > 1, which

promise better transport properties,12 are investigated. In the

following, the ratio ½Cu�=½In� < 1 is denoted as Cu-poor and

½Cu�=½In� > 1 as Cu-rich.

The CuInSe2 epitaxial layers of 700–800 nm thickness

were grown on GaAs (001) wafers using metal-organic

chemical vapor deposition. Details of the growth process can

be found elsewhere.13–15 The polycrystalline CuInSe2 layers

of 25�35 lm thickness were deposited on molybdenum-

coated soda-lime glass substrates in a molecular beam

epitaxy chamber using a modified three-stage process:16

Cu-poor films are prepared using the full three stage process

with different times for the third step. Cu-rich absorbers are

achieved by varying the duration of the second stage and

without a third step. The ½Cu�=½In� ratio for each absorber

was determined by means of energy dispersive x-ray spec-

troscopy (EDX). The polycrystalline samples were measured

at an energy of 20 keV. The epitaxial samples were measured

at 10 keV to avoid a signal from the GaAs substrate. In addi-

tion, PL measurements at 10 K were performed to confirm

the results from the characteristic finger prints for different

compositions.17 The fresh samples were measured 3 min af-

ter leaving the vacuum or the inert atmosphere of the prepa-

ration chamber. Another series of absorbers was kept in

ambient air for several weeks and are considered “aged.”

After measuring their aged condition, all aged samples were

treated for 150 s in a 10 wt. % aqueous KCN solution before

performing the time dependent measurements. The same

etching process was used before depositing the CdS layer.

The CdS buffer layer was deposited as described in Ref. 18.

The deposition time was 5 min resulting in a thickness of

approximately 50 nm. The time between the etching process

or the CdS deposition and the first measurement was about

3 min.

The PL measurements were performed using a confocal

setup with a spot size diameter of about 0.5 mm. The emitted

light was spectrally resolved and detected by an InGaAs de-

tector array. To quantify the number of emitted photons, the

setup was calibrated spectrally and in intensity to enable sin-

gle photon counting. This allows the determination of abso-

lute values of the qFLs and thus the maximum achievable
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VOC. The spectral calibration was performed using the

known spectrum of a commercial calibration lamp. The in-

tensity calibration was realized by means of a laser peak af-

ter determining its beam diameter using a CCD camera and

measuring the intensity with a power meter. Combining

these results leads to an absolute correction as a function of

wavelength. This was determined before each series of meas-

urements and used to correct the following experimental se-

ries. The excitation was performed with the 514.5 nm line of

an argon ion laser. To ensure calibrated excitation, the beam

size and its power were determined as described above for

the calibration of the luminescence. Thus, the excitation can

be tuned to be equivalent to one or more suns. In this work, a

photon flux equivalent to 5 times AM1.5 is used, ensuring

fast and accurate measurements.

The evaluation of the luminescence spectra is based on

Planck’s generalized law19,20 in the Boltzmann approxima-

tion. This describes the luminescence spectrum as a function

of absorptivity, temperature, and the qFLs. Before the evalu-

ation,19,21 a linear fit to the background was performed and

subtracted from each spectrum.

Figure 1 depicts exemplary the time dependent change of

the qFLs of two polycrystalline samples with ½Cu�=½In� ¼ 0.95

(green) and ½Cu�=½In� ¼ 1.05 (orange) after the recovery etch

in KCN under constant illumination. Both had been exposed

to air over several weeks and showed a qFLs of l ¼ 398 meV

(Cu-poor) and l ¼ 460 meV (Cu-rich) prior to etching

(colored rectangles; t < 0). The time t¼ 0 corresponds to

immediately after the etching, and reveals significantly higher

qFLs than before. The Cu-rich samples show less improve-

ments than the Cu-poor ones. This behavior is observed for all

samples: the difference between before and after the etch

decreases with increasing ½Cu�=½In�ratio. After the etch, all

samples exhibit the same trend with decreasing qFLs over

time. The Cu-rich absorbers degrade slower, losing around

35 meV over 24 h, without reaching the value before the etch-

ing. The Cu-poor counter part shows a difference of 120 meV

changing dramatically in the first 4 h and already leveling off

after 15 h. In general, Cu-rich samples directly after the etch

are 50 meV higher than Cu-poor absorbers. This trend has

been observed before and can be attributed to a lower defect

density in Cu-rich CuInSe2.13

To compare different absorbers, the decay constant, s,

of each data set was fitted using the exponential function

lðtÞ ¼ l0 þ Aexpð�t=sÞ. A corresponds also to the differ-

ence between the aged and the refreshed state. The circles in

Figure 2 (related to the left axis) depict the dependence of s
on the composition, while the squares (related to the right

axis) depict the amount of decay A as a function of composi-

tion. The dashed lines act as a visual guide. For

½Cu�=½In� < 0:97, the time constant is in the range of 30 min.

It shows a remarkable jump around the stoichiometric point

to more than 600 min. The amount of decay decreases with

increasing ½Cu�=½In� ratio from 120 meV to 20 meV at stoi-

chiometry and does not change anymore for Cu-rich sam-

ples. Thus, the decay is faster and more severe for Cu-poor

absorbers than for Cu-rich absorbers. This can be related to

the observation that the oxidation forms mostly In2O3.5,6

The greater In content at the surface of the Cu-poor material

which therefore can oxidize to a higher degree. Assuming

that the oxidized surface causes the increased recombination,

observed by reduced qFLs as well as by a reduced minority

carrier life time, the formation of mostly In2O3 can explain

the observed difference in degradation between Cu-poor and

Cu-rich CuInSe2. The recovery after the KCN etch can be

attributed to the removal of these oxides by the KCN solu-

tion. KCN has been shown to remove Cu selenide,22 elemen-

tal Se,23 and Cu hydroxide.24 Our results suggest that KCN

also removes In oxide.

After the aging study, the same samples were etched

again and a thin CdS buffer layer was deposited immediately

after. The dashed lines in Figure 1 represent the measure-

ment after the deposition of CdS showing no change within

the first 24 h. Even after five months in the dark or even with

continuous illumination, no change in the qFLs was

observed. In general, Cu-poor absorbers exhibit higher qFLs

after the deposition of CdS than the Cu-rich ones in contrast

to bare absorbers. This behavior can be explained with

FIG. 1. Splitting of the quasi-Fermi levels as a function of time for polycrys-

talline samples with ½Cu�=½In� ¼ 0.95 (green) and ½Cu�=½In� ¼ 1.05 (orange).

Solid lines: measurements on bare absorbers after the etch in KCN; dashed

lines: measurements after the CdS deposition. The rectangles (t < 0) corre-

spond to the state before etching.

FIG. 2. The decay constant s (left axis; circles) and the prefactor A (right

axis; squares) of the exponential decay function lðtÞ ¼ l0 þ Aexpð�t=sÞ as

a function of the ½Cu�=½In� ratio for polycrystalline absorbers. The dashed

lines act as a visual guide.
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increased interface recombinations at the absorber-CdS inter-

face for Cu-rich absorbers.25

The behavior in Figure 1 is based on measurements

under continuous illumination, which accelerates the sam-

ple’s degradation as reported earlier.3 To determine the dif-

ference between the aging under constant illumination and in

the dark, several spots on the same sample not previously

exposed to any light were measured. Although the decay is

slower compared to the illuminated ones, both sample types

show the same behavior. The Cu-poor samples exhibit a sim-

ilar loss of around 120 meV within 24 h and the biggest

change within the first 4 h. The Cu-rich sample shows a sig-

nificantly smaller difference in the order of 10 meV within

24 h. While the decay for Cu-poor samples can still be

described with an exponential decay, the Cu-rich species

shows a slower and linear decay.

Similar experiments were carried out on epitaxial sam-

ples. These all show the same trend as their polycrystalline

counterparts with comparable decay times. The only differ-

ence is that epitaxial layers exhibit smaller changes. A sum-

mary and comparison of the losses can be found in Table I.

Since the epitaxial samples are free of Na, it can be con-

cluded that the surface oxidation is independent of the Na

content. This implies that oxygen alone is responsible for the

oxidation, since at room temperature water only absorbs

when Na is present.8

To investigate the influence of the CdS deposition, sev-

eral aged absorbers were quartered. Three of these pieces

were etched in KCN at different times before the deposition

while one was not etched. A single CdS run was used for

each set. Results from a Cu-poor polycrystalline sample are

depicted in Figure 3 showing the qFLs of each piece before

and after the deposition. The squares correspond to the aged

state before any treatment and, within the error, are identical.

The circles represent the different times between the etch

and the CdS deposition (Dt ¼ 0). Note that these points were

measured several hours after the deposition. The unetched

sample (arrow) exhibits the lowest value of 528 meV after

the CdS deposition, increased from 425 meV before the dep-

osition. The etch 80 min before the CdS deposition leads to a

slightly higher value of 545 meV and increases up to

586 meV for Dt ¼ �10 min. This trend was observed in gen-

eral, however, one Cu-rich polycrystalline sample showed

the highest qFLs when not etched before the CdS deposition.

Thus, in general, it can be concluded that the CdS deposition

recovers the quality of aged absorbers to a large extent.

However, with a KCN etch immediately before the CdS dep-

osition, an additional increase in qFLs and thus VOC can be

achieved. The result is in contradiction to the findings

obtained by TRPL measurements,3 where the deposition of

CdS did not significantly alter the minority life time. The

reason for these different observations cannot be elaborated

with the available data. Our observations show that CdS dep-

osition with ammonia inclusion in the bath partly recovers

the absorber surface. This is in agreement with previous

results that an ammonia solution etches group III oxides.26

To investigate if the etch completely recovers the state

of absorbers to as directly after growth, Figure 4 depicts two

fresh polycrystalline samples, measured around 4 min after

leaving the vacuum chamber. The copper to indium ratio is

�1:2 (orange) and �1:0 (green). As in the aged case

depicted in Figure 1, the sample with higher copper content

shows a slower decline and higher qFLs. After the axis break

in Figure 4, the etched state of the same samples is given.

The solid lines are the results observed 2 months after the

growth, during which the absorbers had been exposed to air.

They were etched immediately before the measurement.

Both samples show almost identical starting values after the

growth (530 meV and 520 meV) and after the etch (534 meV

TABLE I. Summary of the decrease of the quasi-Fermi level splitting for

polycrystalline (poly) and epitaxial (epi) samples with ½Cu�=½In� < 1 and

½Cu�=½In� > 1.

½Cu�=½In� Dlð1 hÞ½meV� Dlð24 hÞ½meV� s ½min�a

<1 epi �15 �70 �35

poly �55 �120 �30

>1 epi <3 �10 �950

poly �5 �35 �650

aDetermined with lðtÞ ¼ l0 þ Aexpð�t=sÞ.

FIG. 3. Splitting of the quasi-Fermi levels as a function of time between

etching and the deposition of CdS (black circles) and the aged state before

any treatment (red squares). t¼ 0 represents the deposition of CdS. The neg-

ative time is the time difference between the KCN etch and the CdS

deposition.

FIG. 4. Splitting of the quasi-Fermi levels as a function of time for polycrys-

talline samples immediately after the growth (dashed lines) and after etching

in KCN after two months in ambient air (solid lines).
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and 512 meV). Under constant illumination, comparable deg-

radation is observed as directly after the growth.

The degradation of the maximum VOC in CuInSe2 sam-

ples exposed to ambient air is observed. Metzger et al. saw a

drop in VOC of CuðIn;GaÞSe2 solar cells of � 150 meV after

the absorber was exposed to air 24 h.3 Although our work con-

centrates on CuInSe2 absorbers, the observed loss of 120 meV

is very close to what was observed for complete solar cells.

The somewhat higher loss observed in the completed cells is

attributed to the lower ½Cu�=½In� ratio of the CuðIn;GaÞSe2

solar cells of 0.8,27 whereas our lowest ratio is 0.9. As shown

in Figure 2, the loss in VOC increases with decreasing

½Cu�=½In�ratio. The decay is faster and stronger for Cu-poor

samples. This can be attributed to the previous observation

that mostly In oxide is formed on CuInSe2. The general decay

behavior is the same for polycrystalline and epitaxial absor-

bers as well as for fresh and aged absorbers, after a KCN etch.

This indicates that the oxidation is independent of the Na con-

tent of the absorber. For polycrystalline samples, the loss is in

the range of 35 meV for Cu-rich samples and up to 120 meV

for Cu-poor samples within the first 24 h. Etching in KCN

refreshes aged absorbers completely to the freshly grown

state. The deposition of a standard CdS buffer layer ceases the

decline of the quasi-Fermi level splitting and passivates the

surface sufficiently, even for many months. The deposition

process additionally refreshes aged samples to a certain

degree. However, etching in KCN before the CdS deposition

can further increase the VOC up to Dl � 60 meV.
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