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CuGaTe
2
 samples very often exhibit optical and electrical properties of heavily doped semiconductors. 

This paper investigates the low temperature photoluminescence properties of polycrystalline CuGaTe
2
 

samples. The photoluminescence spectra of “heavily doped” semiconductors are usually characterized by 

the broadening of the photoluminescence bands that is caused by the fluctuations of the forbidden band 

edges. The deep photoluminescence region observed (0.8–1.3 eV) consists of two peaks. One of them is 

located at 0.955 eV and has been reported before. Another, totally new band was discovered at 1.14 eV. 

The low-temperature j-shift of both bands was detected. Also, rather significant blue shift with the in-

creasing temperature was noticed. It is proposed that both bands consist of two recombination channels. 

At low temperatures tail-to-impurity recombination dominates. As the temperature increases, the tail-to-

impurity recombination transforms into band-to-impurity recombination. 

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

1 Introduction 

In recent years much attention has been paid to I–III–VI2 chalcopyrite compound CuGaTe2 (CGT). This 

material has the room temperature energy gap Eg = 1.22–1.24 eV, which is suitable for solar energy 

conversion. In addition, its energy gap is direct, it has high optical absorption coefficient, and it is readily 

made p-type [2–11]. It was found that the complex nature of its pseudo-binary phase diagram leads to 

the formation of high concentration of intrinsic defects originating from the deviation of its ideal 

stoichiometry [2, 9]. Therefore wide range of measured Eg and other parameters are reported in the litera-

ture. At the same time there are indications that a very shallow acceptor with Ea ≈ 1 meV is present in 

this compound [12] and this level often leads to the degeneration of the CGT samples. Probably these 

shallow acceptor levels are caused by high concentration of acceptors in CGT, see for example [13]. It 

was shown that the hole gas in CGT is degenerate at hole concentrations above 5 × 1018 cm–3, therefore, 

due to Burstein–Moss shift, higher Eg values are measured using optical absorption [9, 10]. Another 

interesting fact is the presence of photoluminescence (PL) bands at higher energy than the lowest band-

gap energy of CGT [1, 4, 14]. It was proposed that lower laying valence bands are responsible for these 

PL bands [4]. The highest valence band in CGT is characterized by three split bands: Γ7, Γ6 and Γ7. This 

splitting is the result of the combined effect of crystal field and spin–orbit splitting. However, the va-

lence band structure in CGT is not completely understood. Deep photoluminescence (PL) bands in CGT 

show properties which are difficult to explain using standard PL models for deep PL bands [1]. It was 

found that the deep PL band at 0.95 eV shows blue shift with increasing temperature and this shift was 

explained using the model of spatially curved energy gap [1]. All these facts indicate that further studies 
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are needed to clarify recombination processes in CGT. In the present work we study the deep PL region 

0.8–1.3 eV of polycrystalline CGT samples and present the modernized model of deep level recombina-

tion. 

2 Experimental 

The polycrystalline CGT material was synthesized from 5N-purity components. The phase equilibrium 

data [1] were taken into account. Cu, Ga and Te were weighted according to the molar ratios 1:1:2. The 

materials were loaded into the quartz ampoule, evacuated to high vacuum and sealed. The synthesis 

proceeded at the temperature of 900 °C in the muffle furnace for 24 hours. Then the ampoule was cooled 

slowly (0.3 deg/h) in the region of the crystallization point (895 °C to 865 °C) and then with the rate of 

10 deg/h to the room temperature. From the analysis of X-ray powder diffraction patterns, the single-

phase nature and the chalcopyrite structure of the material were confirmed. 

 For the PL measurements the samples were mounted into the closed-cycle He-cryostat equipped with 

the temperature controller that allows to tune the temperature from 8 K to 300 K. Samples were optically 

excited with the 441 nm He–Cd laser line with the maximum output power of 40 mW. The spectra were 

recorded via the 40 cm grating computerized monochromator system and detected with the InGaAs or 

the R-632 photomultiplier detector according to the emission band energy. The emission spectra were 

corrected according to the grating efficiency variations and the spectral response of detectors. 

3 Results 

The low temperature deep PL spectrum of our CGT samples is presented in Fig. 1. The edge photolumi-

nescence is presented here just for indication that it exists. The analysis of this part of the spectrum will 

be presented in following papers. The deep region consists of two bands. The fittings of these bands 

showed that they are slightly asymmetrical. The lower intensity band A has the peak at 0.955 eV and the 

higher intensity band B has the peak at 1.14 eV. This kind of broad asymmetric PL bands are very com-

mon to heavily doped semiconductors. The temperature dependence of the PL spectra is represented in 

Fig. 4 and the fitting results in Fig. 5. Both peaks show rather significant shift towards higher energies 

with increasing temperature (40 meV – A peak, 30 meV – B peak). The laser power dependence of the 

low temperature PL spectrum revealed strong blue shift with increasing excitation power (j-shift) of both 

bands. Indeed, in the excitation power range from 3 mW to 40 mW the peaks of A and B bands shifted 

10 meV and 5 meV towards higher energies respectively (see Fig. 7). 

 

 

Fig. 1 PL spectrum of polycrystalline CGT samples. The 

two regions are recorded with two different detectors. The 

peaks A and B are located at 0.955 eV and 1.14 eV. The 

detailed study of edge emission will be published in next 

paper. The fine structure of edge emission implies that our 

samples were degenerate. 



phys. stat. sol. (a) 203, No. 5 (2006)  951 

www.pss-a.com © 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim 

Original

Paper

4 Theory 

Reference [16] says that the theory of heavily doped semiconductors can be applied to the materials 

where the main distance between point defects is smaller than the Bohr radius rb of the defect state 

( 3

b
1/N r< , where N is defect concentration). In that case the wavefunctions of the charge carriers that are 

bound to closely situated defects tend to overlap, giving rise to energy zones instead of distinct defect 

levels inside the forbidden band. In turn, those zones can reach the edges of the valence and conduction 

bands and evoke so-called energy tails (see Fig. 2). The forbidden band edges become curved and poten-

tial fluctuations emerge. If the fluctuations are strong enough, they can act as potential wells for charge 

carriers and trap them. Because high concentration of free holes (>1018 cm–3), our samples are degener-

ate. Accordingly, the amplitude of potential fluctuations is strongly reduced by screening. Also, we as-

sume that the effective mass of electrons is small in our samples. Unfortunately, the experimental value 

of the effective mass of electrons in CGT is not reported in literature. The small effective mass approxi-

mation is based on the fact that all chalcopyrite materials tend to have rather small effective masses of 

electrons [18]. Thus, at the bulk material, there are no potential wells that can trap either electrons or 

holes. As a result, only exceptionally deep potential wells that are formed by a cluster of defects can 

localize electrons. Nevertheless, in the presence of deep potential wells, electrons’ effective mass is 

modified compared to that of the bulk material. The actual value is unknown, but we assume that in our 

material such exceptionally deep potential wells exist and trap electrons at the present value of their 

effective mass. The location of those wells is probably some defective area of the crystal lattice. There 

are several origins that can create this kind of deep quantum wells. The defective spot must either attract 

donor defects or repel acceptor defects. In both cases there emerges a small volume in the lattice, where 

the electrons’ presence is energetically favourable. 

 In heavily doped semiconductors the recombination between the conduction band and an impurity 

level can occur via two channels. The first so called tail-to-impurity (TI) recombination takes place be-

tween the electrons that are localized in the conduction band tails and the holes that are localized at the 

acceptor state. The second so-called band-to-impurity (BI) recombination takes place between the free 

electrons in the conduction band and the holes that are localized at the acceptor state. The theoretical 

description with computer simulations of the BI-band according to laser power and temperature varia-

tions can be found from Ref. [17]. 
 

 

Fig. 2 Band diagram of heavily doped semiconductors. 

I
A
 and I

B
 are the defect level binding energies, E

c0
 and E

v0 

are unperturbed edges of energy gap,  E
c
 is the level of 

free electrons, and Ev is the level of free holes. The BI 

band is the result of recombination of free electron and 

hole that is localised at acceptor state. Some exception-

ally deep potential fluctuations act as potential wells for 

electrons. Inside those wells, electrons have allowed 

energy states. From those states electrons can recombine 

with hole that are localised at acceptor states (TI-band). 

“Vertical transitions” (TI
1
) are favoured at higher tem-

perature while “diagonal transitions” (TI
2
) are favoured 

at lower temperature. 
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 Let us now concentrate on the behavior of TI-band. Figure 2 shows that TI-band can exist only if the 

thermal energy of electrons is not high enough to allow them to escape from the conduction band tails. If 

not, BI-band can be observed instead of TI-band. Thus, it is expected that as the temperature changes 

from low to high, TI-band transforms into BI-band. The transition rate depends directly on the depth of 

the conduction band tails. Thus, the justified question at a given temperature is whether we are observing 

TI or BI-band. Nevertheless, the TI-band can be easily distinguished from the BI-band. The theory, ex-

periments, and computer simulations in [17] indicate that the maximum of BI-band does not shift accord-

ing to the laser power variations. On the contrary, the peak position of TI-band should exhibit noticeable 

j-shift. Namely, because of the localized nature of tail electrons (see Fig. 2), TI transition depends on the 

hole distance from the potential well; arrows TI1 or TI2 in Fig. 2. Because of the higher energy of the 

involved holes, the TI1 recombination results in higher photon energy than the TI2 recombination. Addi-

tional relative energy increase comes from the higher Coulomb term in case of TI1. Namely, the energy 

of the emitted photon is increased by the Coulomb term that depends respectively on the distance be-

tween recombining charge carriers. By its physical nature the Coulomb term is inversely proportional to 

the charge separation distance. On the other hand, it is known that because of the lower overlapping of 

the wavefunctions of distant electrons and holes, the recombination of distant pairs saturates faster than 

the recombination of close pairs. In conclusion, j-shift in case of TI-band should be noticeable. Similarly 

to the donor-acceptor-pair (DAP) recombination, TI-band shifts towards higher energies with increasing 

excitation power. The thermal quenching of TI-band can be estimated by the expression [16]: 

 1/2 1/2 1/2

TI e
( ) exp [ ( ln ) (4( ) )] ,I T kT kTΘ γ γ

- -

µ - + +  (1) 

 

 

Fig. 3 Integral intensities of A and B bands at various 

temperatures. Upper graph a) shows the results of fittings 

of measured PL spectra. Lower graph b) shows the theo-

retical behaviour of TI + BI bands combined. Both bands, 

A and B, are dominated by TI recombination at low 

temeratures. At higher temperatures the intensity of TI 

band transfers into BI.  Integral intensity of TI + BI 

shows qualitatively very similar behaviour to our meas-

ured A and B bands. 
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where ITI is the integral intensity, Θ is the factor of excitation level i.e. the ratio of the density of elec-

tronic states to the density of the generated electrons, 
e c0 c
γ E E= -  (see Fig. 2), Ec0 is unperturbed band-

gap edge, Ec is the level where electrons can be considered as free, and γ is the mean-square fluctuation 

of the potential energy. The shape of the function (1) is shown in Fig. 3b. The intensity of TI-band  

suffers from both low- and high-temperature quenching, reaching its maximum value at 
2 2 1/3

1 e
(16 / ln )kT γ γ Θ=  [16]. The low-temperature quenching is caused by the barrier that holes encounter 

when physically approaching the potential wells. As a result, at low temperatures the long mean distance 

between electrons and holes limits the probability of TI recombination. The high-temperature quenching 

is partially caused by the thermal escape of holes from the impurity level but the main culprit is the 

thermal liberation of electrons from the conduction band tails. As a result of this process, TI-band simply 

transforms into the BI-band. 

 According to [16] the maximum position of TI-band has strong dependence on temperature. The peak 

position of TI-band can be calculated as: 

 TI 0 2

max g e a eln 2 ( ) ln .E I kT kT kTω γ Θ Θ γ= - - - + +  (2) 

 At very low temperatures 2

e
( / ln )kT γ Θ<  the maximum of TI-band shifts towards higher energies 

with the increasing temperature as TI

max e
2 kTω γµ . It happens because more TI1 transitions (see Fig. 2) 

become available as the additional thermal energy helps holes to approach potential wells. At high tem-

peratures and low excitation values ( 100)Θ ≥  the kT term in Eq. (2) dominates and TI

max
ω  decreases with 

increasing temperature. This can be explained as follows. As the temperature increases the shallower 

tails are emptied first. As a result, the emphasis of the recombinations shifts to deeper tails which holes 

find more difficult to approach, consequently, less TI1 transitions become available. 

5 Discussion 

Figures 4 and 5 show that as the sample temperature increases, the peak position of A and B bands move 

towards higher energies. At the same temperature range, according to [10], the bandgap energy of CGT 

exhibits the shift in the opposite direction. This implies that both A and B bands comprise two closely  

 

         

 

 

 

 

 

Fig. 4 Temperature dependence of deep PL 

spectrum of CGT. Both A and B bands show 

very similar quenching rates. Both bands 

exhibit considerable blue shift with increas-

ing temperature (see also Fig. 5).  

 

Fig. 5 Temperature dependence of A and B 

peak positions. In the temperature range from 

9 K to 180 K the peak position of band A 

shifts about 40 meV and the peak position of 

band B shifts about 30 meV towards higher 

energies. 
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situated recombination channels of different origin and the deceptive shift of the peak is actually caused 

by the transfer of the recombination intensity from one channel to another. We propose that in the pre-

sent case we see the transition of TI-band into BI-band. However, the involved impurity levels of the A 

and B bands are different. Accordingly, the activation energies of involved acceptor states are IA and IB 

respectively. Nevertheless, in both cases the shift can be explained as follows. At low temperatures the 

TI-band, which peak is located at slightly lower energy than the BI-band, prevails. As the temperature 

increases the PL intensity transfers from TI-band to BI-band. As a result, although the peaks positions of 

both TI and BI bands are decreasing the peak position of the resulting band (A or B) is moving towards 

higher energies. 

 The temperature dependence of intensities of A and B bands, also, the TI and BI bands inside them are 

depicted in Fig. 3. At low temperatures (below ~30 K) the TI band prevails. Its intensity has its maxi-

mum at the temperature T1. At higher temperatures the BI-band starts to dominate and the behavior of the 

A and B bands are governed by the quenching of the corresponding BI-band. 

 Figure 6 shows the Arrhenius plot of the thermal quenching of the A and B bands. The fittings were 

performed with the semi empiric equation [1, 4]: 

 0

1 5 1 5 T

1 2

( )

1 exp. .

I
Φ T

E
α T α T

kT

=
Ê ˆ+ + -Ë ¯

 , (3) 

where Φ(T) is integral intensity, I0 is initial intensity, α1 and α2 are the process rate parameters, and ET is 

the thermal activation energy. The activation energy A

T
E  = 237 ± 2 meV of the band A is most probably 

caused by the thermal activation of holes from the acceptor state IA directly into the valence zone. In case 

of the band B, the quenching process was detected with the activation energy B

T
E  = 90 ± 1 meV. The 

quenching process is caused by the thermal liberation of holes from IB acceptor state. These values of the 

activations energies have not been reported before. At this point, there is not enough information to at-

tribute those activation energies to certain defects. The identification of those defects remains for the 

future studies. 

 The presence of TI recombination in the bands A and B is confirmed by the laser power dependence 

of the PL spectrum (see Fig. 7). It was proven in [17] that BI-band does not shift according to excitation  

 

                   

 
 

 

 

Fig. 6 Fitting results of the thermal quenching of 

bands A and B. The fittings are performed with 

Eq. (3). 

Fig. 7 Laser power dependence of the peak posi-

tions of PL bands A and B of CGT. Both bands show 

rather strong j-shift which is common to TI recombi-

nation.  
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power variations. Indeed, the computer simulation showed that the shape and the position of BI-band do 

not depend on carrier densities. On the contrary our current experiment showed that at 9 K both A and B 

bands showed rather strong j-shift. As it was described above this shift is specific to TI recombination 

that j-shifts in similar bases known from DAP recombination. 

6 Conclusion 

We studied deep PL region (0.80–1.3 eV) of CGT. The region comprises two bands. One of them (at 

0.955 eV) has been reported before. The second band (at 1.14 eV) has not been observed before. The 

similar temperature and laser power dependence of the bands called for similar interpretation. Namely, 

we use the PL model of heavily doped semiconductors. Though, our samples were not doped intention-

ally, it is known that CGT and other chalcopyrite compounds tend to have the large concentrations of 

native defects. In case of heavy doping the forbidden band edges are curved and potential wells (band 

tails) for electrons and holes are formed. Consequently, new effects that emerge from this localization of 

electrons and holes can be observed. In the present case, we observed the transformation of “tail-to-

impurity” (TI) to “band-to-impurity” (BI) recombination. The band A involves the defect level with 

higher activation energy than the band B. 
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