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Nature of the native deep localized defect recombination centers
in the chalcopyrite and orthorhombic AgInS 2
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We studied the deep photoluminescence~PL! emission in polycrystalline chalcopyrite and
orthorhombic AgInS2 . In both phases several PL bands were detected at 8 K. On the energy scale
these deep PL bands are positioned according to a regular pattern. This is explained as being due to
electron-hole recombination within very close deep donor-deep acceptor pairs, with different
distances between donor and acceptor defects. The deep donor defect is an interstitial silver Agi and
the native deep acceptor defect appears to be situated at the Ag or In place. The two different crystal
modifications also cause slightly different distances between donor and acceptor defects in the
AgInS2 lattice and, as a result of this, different spectral positions of the deep PL bands. It is shown
that these deep localized donor–acceptor pairs can be reasonably efficient radiative recombination
centers up to distances of 5.3 Å between the deep donor and the deep acceptor and, thus, up to six
distinct deep PL bands are visible in AgInS2 . The deep donor-deep acceptor pair model is confirmed
also by the temperature quenching experiments and by the excitation power dependences. ©2000
American Institute of Physics.@S0021-8979~00!01513-9#
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I. INTRODUCTION

Ternary chalcopyrite semiconductor compounds, such
CuInSe2 or CuGaSe2 , have attracted considerable attenti
for practical application in thin film solar cells. Therefore th
study of their physical properties and defect structure is
great interest. Theoretical calculations have shown that th
must be quite deep defect levels in ternaries,1 but experimen-
tally they are not so often detected. A systematic study of
deep photoluminescence~PL! bands in CuGaSe2 and CuInS2
was done recently.2 From the experimental information gath
ered, it was proposed in Ref. 2 that some of these deep
bands found in CuInS2 and CuGaSe2 can be explained as a
electron-hole recombination within donor–acceptor~DA!
pairs involving deep donor and deep acceptor levels. L
this picture found additional confirmation by the fact tha
whole series of these theoretically predicted deeper PL ba
were experimentally detected in CuInS2 and
CuIn0.5Ga0.5S2 .3 As the fine structure of these deeper P
bands in CuInS2 was studied in detail,4 it was concluded tha
the donor defect in these deep DA pairs is an intersti
copper Cui . This immediately raised the question of the po
sibility of analogous native defects in other related co
pounds, such as AgInS2 . Do we also have an interstitia
silver donor Agi? Thus it was acutely interesting to look fo
these same deep PL bands in AgInS2 .

AgInS2 is a ternary compound which can exist in tw
forms: chalcopyrite~space group No. 122! and orthorhombic
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~space group No. 33!.5–8 The orthorhombic~o! form is stable
at high temperature (T.620 °C) and the chalcopyrite~c!
form is stable at low temperature (T,620 °C).5,6 Different
crystal modifications must also give somewhat different d
tances between interstitial positions and lattice sites and,
cording to the deep donor-deep acceptor~DD-DA! model,2–4

the deep PL bands in the two forms should have an an
gous but different structure. In this article we have stud
deep PL bands in both crystal modifications of AgInS2 .

II. EXPERIMENT

The polycrystalline AgInS2 material was synthesized o
5N-purity components. Ag, In, and S were weighted acco
ing to the molar ratios 1:1:2~with a little deficiency of sul-
phur, in order to prevent an explosion of the ampoule dur
the high-temperature treatment!, and loaded into the quart
ampoule. The ampoule was evacuated to high vacuum
room temperature. The sealed ampoule with components
heated up to the reaction temperature of 900 °C in a tun
furnace and held at 900 °C for 5 h. During the next 5 h the
temperature was lowered to 860 °C, followed by a cooling
the whole furnace in about 12 h to 250 °C. In order to arr
at the right, stoichiometric composition, the synthesiz
AgInS2 polycrystalline material was treated in a two-zo
ampoule under a sulphur vapor pressure of 0.153105 Pa and
with the temperature of the material zone at 700 °C. T
ampoule was cooled ‘‘rapidly’’ by putting it into a cold wa
ter bath. The resulting AgInS2 ingot was broken into piece
for further treatments. The sample pieces were anneale
either 600 or 700 °C, to establish the chalcopyrite or
il:
© 2000 American Institute of Physics
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orthorhombic structure, respectively. After a 24 h anneal
in an evacuated and sealed ampoule both materials were
idly cooled in cold water.

A He–Cd laser at a wavelength of 441 nm was used
the excitation source for steady-state PL measuremen
temperatures ranging from 8 to 300 K. The laser beam
focused onto the sample with a spot diameter of about
mm and the luminescent radiation was analyzed with a 0.
grating monochromator and detected by either a PbS de
tor, an InGaAs detector, or a photomultiplier tube with
characteristics. All samples were etched prior to meas
ment in a solution of bromine in methanol in order to ens
good and comparable surface properties.

III. RESULTS AND DISCUSSION

A. Crystal structure

The crystal structure of AgInS2 in both modifications is
slightly distorted. This distortion has led to various interp
tations of the crystal structure, especially of the orthorho
bic phase. The crystallographic properties of our samp
were confirmed by the x-ray diffraction~XRD! technique. As
shown in Fig. 1, both phases are relatively pure and even
higher-temperature orthorhombic phase does not contain
prints of a low-temperature chalcopyrite phase. Only a sm
deviation of relative intensities of the XRD peaks exis
compared with the results of Roth, Parker, and Browe5

probably caused by the texture of our polycrystalli
samples.

The chalcopyrite phase in ternaries is quite common
there are no assignment problems with this phase. There
two types of interstitial positions in the chalcopyrite latti
( i1 and i2!. Taking the unit cell corners to be defined b
silver atoms, these interstitial positions have the coordina
~1/2, 1/2, 1/4! and~3/4, 1/4, 1/8!, respectively. It is importan
to realize that atoms at these two interstitials have a diffe
surrounding.

FIG. 1. X-ray diffraction patterns of our polycrystalline chalcopyrite a
orthorhombic AgInS2 samples.
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The related two interstitial positions can also be found
the orthorhombic phase. The structure data of this phas
not included in ICSD single crystal database~Fiz Karlsruhe
and Gmelin-Institut, Release 99/1!. As the XRD patterns of
our orthorhombic samples fit well with the pattern data fou
in Ref. 5, then we used structure data of Roth, Parker,
Brower in our analysis. Unit cell of orthorhombic AgInS2

~space groupPna21! contains 16 atoms, all in general Wy
ckoff position ~4a with the following coordinates: Ag at~1/
12, 5/8, 0!, In at ~1/12, 1/8, 0!, S at ~1/12, 1/8, 1/4!, and
~1/12, 5/8, 3/8!. According to Ref. 6, orthorhombic AgInS2

has a pseudo-wurtzite lattice. Interstitial positionsi1 andi2
have the coordinates~3/4, 1/8, 3/8! and ~3/4, 5/8, 3/8!, re-
spectively. One should note, however, that the crystal str
ture of the orthorhombic AgInS2 may need further studie
and that, therefore, the true positions of atoms can be slig
different from those proposed by theory.

Assuming that the DD-DA pairs include an Agi atom as
a deep donor and a deep acceptor at the Ag or In site, we
calculate all possible DD-DA separations in both lattices. W
have used the low-temperature values for lattice parame
a55.818 Å andc511.216 Å for the chalcopyrite phase9 and
a56.9995 Å, b58.2553 Å andc56.6847 Å for the ortho-
rhombic phase.10 Results of these calculations are given
Table I.

B. Edge emission

Thec-AgInS2 ando-AgInS2 have slightly different low-
temperature values of the energy gapEg : 1.91811 and 2.059
eV12 respectively. This difference can be clearly observ
from Figs. 2 and 3, where the near band edge PL emis
spectra of both phases is given. The edge emission of
chalcopyrite AgInS2 can be fitted with 2 PL bands. The high
energy structured band has a zero-phonon line atE
51.819 eV, phonon energy\v537 meV, and a Huang–
Rhys factorS51.74. The second Gaussian band has a p
position atE51.697 eV. The experimentally measured ed
emission spectrum ofo-AgInS2 can be fitted with three dif-
ferent PL bands. The high-energy band shows a weak p
non structure with phonon energy\v542 meV, and a
Huang–Rhys factorS;2. The zero-phonon line of this ban
is situated atE51.966 eV. The second asymmetric band h

TABLE I. Possible distances between the two interstitial positions~i1 or
i2!, and the Ag or In sites, respectively, in the chalcopyrite and orthorho
bic lattice of AgInS2 . Starting from the shortest one, the distances are
beled D1, D2,... etc.

No.

Chalcopyrite Orthorhombic

Lattice sites Distance, Å Lattice sites Distance, Å

D1 Ag-i2,In-i2 2.49 In-i2,Ag-i1 2.48
D2 Ag-i1,In-i1 2.8 Ag-i1,In-i2 2.51
D3 Ag-i1,In-i1 2.91 In-i1,Ag-i2 3.45
D4 Ag-i2,In-i2 4.68 In-i1,Ag-i2 4.8
D5 Ag-i2,In-i2 4.81 In-i1,Ag-i2 4.81
D6 Ag-i1,In-i1 4.98 In-i1,Ag-i2 5.3
D7 In-i2 6.23 In-i1,Ag-i2 6.26
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a peak position at 1.804 eV. At the low-energy side of t
edge emission region we may observe also a third wide b
with peak position atE51.724 eV.

It is worth noting that corresponding edge emission
bands in AgInS2 were previously detected in sever
studies,11–15 but the chemical nature of defects responsi
for these bands remains obscure.

C. Deep PL bands

In the infrared spectral region both phases show sev
deep PL bands, see Figs. 4 and 5. We notice that the s
ture of these bands is very reminiscent of those obser
previously in CuInS2

2,3 and therefore we assume that t

FIG. 2. Experimentally measured edge emission spectrum~dots! of the chal-
copyrite AgInS2 and the least-squares fitting results~shown as continuous
lines!.

FIG. 3. Experimentally measured edge emission spectrum~dots! of the
orthorhombic AgInS2 and the least-squares fitting results~shown as conti-
nous lines!.
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same generic DD-DA model holds in AgInS2 , too. Accord-
ing to this model these deep PL bands are a result o
electron-hole recombination within close donor–accep
pairs, with different separations. It is known that the electr
~hole! wave functions in the deep donor~acceptor! level
must be highly localized. Because of this, for more dist
pairs, there is neither practically any overlap of the init
and final state wave functions and, as a result of this,
observable recombination emission. It seems to be a rea
able assumption that both the donors and the acceptors
occupy only few energetically favorable positions within t
crystal. Then it is possible to calculate, using Table I, t

FIG. 4. Experimentally measured deep PL bands in chalcopyritic AgI2

together with the calculated band positions~indicated by the vertical lines!.
The dielectric constant value in the calculations wase58.8.

FIG. 5. Experimentally measured deep PL bands in orthorhombic AgI2

together with the calculated band positions~indicated by the vertical lines!.
The dielectric constant value in calculations wase57.3.



a

be

-
a
-
an
po
v

g
ec

P

nt
is
n
pa
ll
th
t

lu

i

ee
s
b

pt
h
nd
er
t

t w
tr
is

’ o
an

o-
rr
n

b
p
a

L
in
as

ds,
er.

.
L

wer
en.

n
r
r
e

the
the
e

, as-
PL
tor

PL
than
ve

s-

gy
eep
lar

ive
by
nor

nd

was

e

i.e.,

208 J. Appl. Phys., Vol. 88, No. 1, 1 July 2000 Krustok et al.
approximate energy differenceDE between the DA pair
emissions for the shortest and the next-shortest DA sep
tion, r 1 and r 2 , respectively2–4

DE5
e2

e S 1

r 1
2

1

r 2
D . ~1!

Heree is the dielectric constant. A similar calculation can
done with more distant pairs with DA separationsr 3 , r 4 , r 5

and so on. In Ref. 2 we calculated, using Eq.~1!, all possible
energy separationsDE for donor–acceptor pairs and com
pared them with the experimentally measured deep PL b
positions in CuInS2 and CuGaSe2 . These calculations indi
cated that in those materials the observed deep PL b
must be related to such DA pairs where one of the com
nents is located at an interstitial position. Later we ha
shown that this interstitial defect is Cui , a deep donor.3,4

Analogously, in AgInS2 the deep donor defect should be Ai
and we are also tempted to assume that the acceptor def
situated in the Ag or In sites of the AgInS2 lattice. In order to
calculate possible emission energies of corresponding
bands, one must know the value of dielectric constante. In
compound semiconductors, it is obvious thate must be a
combination of both optical and static dielectric consta
~i.e., e`,e,e0!, but the precise numerical value for it
hard to predict. The second open question is the positio
the PL band corresponding to the closest DD-DA pair se
ration, i.e., of the D1 band. We determined experimenta
the D1 band position from the measured PL spectra. For
DE calculation, we chose such ane value as to get the bes
correspondence between experimental observation and
theoretical positions. For the chalcopyritic phase the va
we used wase58.8, for the orthorhombic phasee57.3. The
band positions calculated in this fashion are also given
Figs. 4 and 5 as vertical lines.

As can be seen from Figs. 4 and 5, the match betw
the experiment and theory is quite good. In both phases
different deep PL bands can be observed. According to Ta
I, the largest distance between the donor and the acce
and still showing substantial recombination, is D6 whic
according to Table I, in the orthorhombic phase correspo
to a distance of 5.3 Å. Despite the good overall match th
is still some disagreement between the experimental and
theoretical emission energies. One must remember tha
did not take into account the actual size and the elec
charge distribution of the atoms in our calculations. It
apparent that in the real crystal the size and the ‘‘shape’
the atoms lead to an additional deformation of the lattice
change the theoretically calculated separations.

The D1 band position is 1.17 eV inc-AgInS2 and 1.06
eV in o-AgInS2 , respectively. This means that in the orth
rhombic phase at least one of the components of the co
sponding DD-DA pair has a considerably deeper electro
energy level than in the chalcopyritic phase.

It is a well established fact that, as a rule, the recom
nation rate of DA pairs increases with decreasing the se
ration between donors and acceptors. This fact usually le
to the well-knownj-shift of the DA PL bands, when the P
band maximum shifts towards higher energy with increas
laser power because more distant pairs saturate more e
ra-
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Therefore the relative intensity of the closer-pair PL ban
situated at higher energy, should increase with laser pow
We studied this process in ourc-AgInS2 samples, see Fig. 6
It is clearly visible that the intensity of the higher energy P
bands increases more quickly with the laser excitation po
and that no shift of the actual peak positions can be se
This fact gives strong credence to our DD-DA model.

It is also known16 that, due to the Coulombic interactio
term e2/er , the acceptor~donor! level tends to move close
to the valence~conduction! band when paired with a dono
~acceptor! defect. Therefore, the acceptor level of th
DD-DA complex having the shortest distance between
donor and the acceptor is expected, as compared with
simple model of Eq.~1!, to be situated closer to the valenc
band edge than for the larger distance complexes. Thus
suming that the temperature quenching of these DD-DA
bands is mainly caused by the ionization of the accep
level, we can predict that the intensity of higher energy
bands should decrease more rapidly with temperature
the lower energy PL bands. This is exactly what we ha
observed, see Fig. 7.

IV. CONCLUSIONS

A straightforward photoluminescence study of polycry
talline AgInS2 was performed, with excitation atE
52.81 eV and with radiation detection over a wide ener
range, from 0.7 to 1.9 eV. The study revealed several d
emission bands, the energies of which followed a regu
pattern. Both in the orthorhombic AgInS2 and in the chal-
copyritic AgInS2 six such bands were detected. The relat
energies of all these emission bands were fully explained
a deep acceptor-deep donor model, which has the do
component of the pair at an interstitial lattice position a
the acceptor component at a metal ion~i.e., either Ag or In!
lattice site. The energy difference between the bands

FIG. 6. The PL spectra of chalcopyritic AgInS2 measured for different
levels of laser excitation powerPex50.16–12.5 mW. The intensities of th
higher energy PL bands increase faster withPex than those of the lower
energy PL bands, but the positions of the bands do not shift in energy,
there is noj shift of any individual band.
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found to be caused by the Coulombic interaction terme2/er
of singly charged, close DA pairs, as would be the case
the occupied donor level and the vacant acceptor level b
neutral, immediately prior to the process of recombinatio

The overall deep band structure for AgInS2 was closely
similar to the structure observed previously in CuInS2 and in
CuGa0.5In0.5S2 in which cases the deep donor was a Ci

atom. In analogy with this, we conclude that in AgInS2 the
deep donor is an Agi atom. Thus it would seem that th
ternary chalcopyrite semiconductors and related compou
such as AgInS2 , have a pronounced tendency to form su
deep native electron-hole defect recombination centers.
cause these deep defect states are strongly localized, th

FIG. 7. The PL spectra of chalcopyritic AgInS2 measured at different tem
peraturesT58, 45, 65, and 280 K. The intensities of the higher energy
bands are seen to decrease faster withT than those of the lower energy P
bands, in full accordance with the present donor–acceptor pair mode
close pairs.
r
g

s,

e-
lu-

minous efficiency for the very closest donor–acceptor pa
only is substantial. In the present work on AgInS2 no recom-
bination emission for these deep defect pairs further a
than 5.3 Å was detected. There remains the experime
challenge of studying these native defects in more detail a
for instance, in finding out whether the Agi atom of these
complexes is equally mobile as the Cui atom, for instance, is
reported to be in the CuInSe2 compound.
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