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Abstract. The frozen enhanced photoconductivity effects were observed in thallium bromide (TlBr) 
crystals below 200 K after the band-to-band light excitation. This state could be thermally quenched 
above 180 K, because of the emptying of the trapping states having activation energy of 0.63–0.65 
eV. The strong superlinear dependence of the persistent conductivity on the applied electric field 
strength was evidenced too. These phenomena could be due to the filling of the trapping states with 
the thermal activation energies of 0.08–0.12 eV. The electrically active trap level at 0.35 eV was 
identified by the thermally stimulated currents; moreover several photoactive defects with optical 
activation energies of 0.55, 0.83, 1.1, 1.32, and 1.65 eV were revealed.  
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1. INTRODUCTION 

Thallium bromide (TlBr) is characterized by several electro-physical parameters that make it 
extraordinarily suitable for applications as the room temperature radiation detector in X-ray and γ-ray 
spectroscopy. This semiconducting material has the wide energy bandgap –2.68 eV, high density –7.56 
g/cm3 and high atomic numbers – Tl: 81 and Br: 35 [1–3]. The wide bandgap assures the low thermal charge 
carrier generation rate, thus the material has high resistivity, exceeding 1010 Ohm-cm at room temperature, 
low dark current and device noise. The high density and atomic numbers ensure a high photon stopping 
efficiency. The pixelated TlBr γ-rays detectors have demonstrated energy resolutions of 6.7 keV (5.5%) 
FWHM and 22.3 keV (3.4%) FWHM for 122 and 662 keV gamma-rays, respectively [2, 3]. The electron µτ 
product, which is important for the device sensitivity, is up to 4.1×10-3 cm2/V at room temperature [4]. 
Nevertheless, as it was demonstrated recently, TlBr detector properties and electrical parameters depend 
sensitively on the peculiarities of technological processes, resulting in varied defect densities [5].  

Moreover, one of the main problems that still essentially limits the practical applicability of TlBr is the 
ionic conductivity phenomenon, which strongly depends on the temperature [6] and causes instability of device 
characteristics [7]. This results in, e.g., degradation of spectroscopic performance because of the polarization 
phenomena if devices are operated at the room temperature [2]. So, electro-migration of impurities in TlBr 
was reported in [8]. Furthermore, ionic transport and resulting defect reactions might cause appearance of the 
Schottky defects [9]. Formation of Tl and Br vacancy pair in the bulk is accomplished by creation of new Tl 
and Br occupied sites on the crystal surface. In addition to the surface, grain boundaries and dislocations can 
also serve as sources and/or sinks for defect formation and annihilation [9]. The enthalpies of Schottky defect 
formation (0.91 eV), that of cation migration (0.51 eV), and anion migration (0.28 eV) were evaluated in [10]. 

Apart from that, charge carrier transport and (photo-) electrically active defect properties of TlBr are 
still relatively little investigated, depending on the excitation conditions.  

In TlBr, as in all high resistivity semiconducting materials, carrier generation and transport phenomena 
vary significantly with temperature and upon light excitation, enabling to reveal effects related to defect 
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levels and inhomogeneities of the crystals [11–13]. Therefore, it was our task to investigate (photo-) 
conductivity properties of TlBr in the temperature region from the room temperature down to the liquid 
nitrogen temperature. As at temperatures below 240 K ionic conductivity of TlBr is negligible [13], such 
situation is beneficial for the analysis of charge transport.  

2. SAMPLES AND EXPERIMENT 

TlBr single crystals were grown by the Bridgman–Stockbarger method. They were cut, mechanically 
and chemically polished to produce the samples with dimensions of about 4×2×1 mm3. The gold electrodes 
were evaporated on the ends of the samples. We have investigated photoconductivity spectra, thermally 
stimulated currents (TSCs) and current transients in the temperature range from 300 K down to about 100 K, 
depending on the applied bias voltage. The bias was supplied from Keithley 6430B Source Measure Unit; the 
same device measured current flowing through the sample.  

To investigate the spectral dependencies of photocurrent samples were excited by the monochromatic 
light from the Leitz monochromator. To discriminate the defect levels the spectra were analysed using 
Lucovsky photoionization model [14]: 

( ) ( )1.5 30.5~ / ,M M MI n E h E hν νΔ −Δ  (1)

where ΔEM is the optical activation energy of the deep trap, nM is density of the trapped carriers, and hν is 
quantum energy of the exciting light.  

Carrier transport and trapping were investigated by the Thermally Stimulated Current (TSC) 
spectroscopy as described in detail in [15]. The samples were cooled down in the Liquid Nitrogen cryostat in 
the dark and the spectral dependencies of their photoconductivity were scanned to assure selective excitation 
of the optically active defect states. After the light was turned off, the long lasting current relaxation kinetics 
were measured to assure sample relaxation. After that, the samples were heated at a 10 K/min rate to 
measure TSCs. To evaluate possible effects caused by several closely located trapping centers, the 
informative multiple heating technique was used, that enables sequential emptying of the levels, assuring in 
that way their discrimination [15].     

The dark currents at the same bias were measured too. They were subtracted from the TSC data 
obtained after the light excitation.  

The TSCs caused by the thermal carrier generation from the traps can be described as [16]: 
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where nt0  is the carrier density at the traps having activation energy Et, T is the temperature, β is the heating 
rate, k is the Boltzmann constant, ft is the carrier attempt-to-escape frequency, e is the elementary charge, L is 
the layer thickness, and A is the sample area.  

The initial filling of the traps nt0 was evaluated by integrating experimental curves over time. The 
obtained values have demonstrated good coincidence with the fitting parameters. 

3. RESULTS AND DISCUSSION 

Usually in TlBr the photoconductivity is low at 300 K as compared with the dark conductivity, 
therefore any defect-related features could not be identified by photospectroscopy at this temperature [17]. 
The dark current decreases exponentially with decreasing temperature, the thermal activation energy of this 
process being ~ (0.78–0.8 eV) [13]. Therefore, at low temperatures the effect of photoconductivity increases 
notably, enabling identification of defect levels, depending on the sample prehistory, i.e., its excitation by 
light and/or voltage [13]. In Fig. 1 experimental spectral dependencies at 240 K and their fitting by Eq. (1) 
are presented. A maximum caused by the band-to-band carrier generation is evident at about 2.75 eV. 
Current drop at the high-energy side of this maximum is associated with the increasing absorption and 
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intensifying surface recombination. The following photoionization energies were evaluated by fitting the 
experimental curves: 0.55, 0.83, 1.1, 1.32, and 1.65 eV. The recharge of the trap with the activation energy 
of 1.65 eV could induce carrier mobility variations, observed and reported in Ref. [13]. Characteristically 
defect bands in the region between 1 eV and 2.5 eV were dependent on sample pre-excitation. The defect-
related shoulders at about 0.83 and 1.1 eV used to appear if the spectra were scanned from the high to the 
low quantum energies. Meanwhile influence of the levels at 1.32 and 1.65 eV used to decrease if the sample 
was kept biased for several hours [13]. 

 

Fig. 1 – Photocurrent spectra (solid line) and its fitting  
(dashed curves) at 240 K. 

Fig. 2 – Photocurrent spectra at different temperatures. First, 
quantum energy was increased; afterwards it was decreased 

as indicated by the arrows. 

Similar complicated defect structure was also revealed by PL [18, 19]. In [18] the PL between 1.5–2.0 
eV was observed under X-ray excitation. It was ascribed to the diffusion-controlled recombination. 
Meanwhile in [19] PL at 1.1 eV was observed in the short-lived absorption spectra under pulsed electron 
beam excitation, and it was explained to be due to the hole trapped at cation vacancy (Tl2+Vc-). This center 
can be created if holes become trapped on the pre-irradiation vacancy, as well as result from the radiation-
induced Frenkel pair formation (Tl2+Vc- and interstitial thallium atom Tli

0). Our results imply that such 
vacancy can also appear due to the illumination by light, even if the intensity of light, from the 
monochromator, is low. The more detailed analysis of the results obtained at 240 K is presented in [13].    

In Fig. 2 spectral dependencies of photoconductivity of the same sample is presented at different 
temperatures: 240 K and 115 K. In order to prevent sample pre-excitation by the high energy quanta, the 
spectral scans were started from the low quantum energy. Afterwards the scans were performed in an 
opposite direction. By increasing the quantum energy, the spectra measured at both temperatures coincide in 
detail, thought the dark current is considerably lower at low temperature.  

 Notably, it is seen in Fig. 2 that the spectra scanned in both directions at 240 K (and down to about 
190 K) nearly coincide, indicating, that no long-lasting effects take place. In contrast, at lower temperatures 
(below 180 K) after the excitation of the sample by the intrinsic light, its photosensitivity remains by about 
four orders of magnitude higher than before the excitation. Moreover, the characteristic defect shoulders are 
no longer seen. This is caused by the appearance of the slow relaxation of the photocurrent called persistent 
photoconductivity (PPC) [20], see Fig. 3. The long lasting current and carrier mobility relaxations that could 
be attributed to this phenomenon were observed also in other high resistivity semiconductors, as, e.g., 
semiinsulating GaAs [21–23] 

Another peculiar feature observed in samples pre-excited by the above-band-gap light is a strong 
superlinear dependence of the current on applied electric field. In Fig. 4 it is seen that upon increasing quantum 
energy, the photocurrent depends linearly on the applied electric field, meanwhile during the back scan differences 
in the photocurrent are up to several orders of magnitude.    
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Fig. 3 – Current decay after the pre-excitation 
by the above-band-gap light.  

Fig. 4 – Photocurrent spectra at 115 K measured at different 
fields. First, quantum energy was increased; afterwards 

it was decreased. 

In Fig. 3 the long-lasting current relaxation kinetics after the excitation of the sample by the intrinsic 
light is presented. The dotted line indicates fitting of the experimental decay curve by a sum of three 
exponents with different time constants as indicated on figure. Characteristically, the current does not relax 
to zero, but is saturating at the constant value level Isat instead. The effect of persistent photoconductivity is 
related with the inability of the light generated to recombine, because they become trapped in trapping states. 
Such trapping states could be related with potential inhomogeneities of the band gap edges. Therefore, 
carriers become separated in space, and prior to recombination they have to gain additional energy to escape 
from the traps and to move in space [20]. In Ref. [20] it is stated, however, that the current usually relaxes 
following the single exponential dependence. In contrast, in our case a sum of three exponents was necessary 
to fit the experimental dependence, indicating a quite complex effect. Even the single stretched exponent was 
not enough for the fitting: 
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Here τ and β are characteristic parameters of the stretched exponent, and t1/2 is the half-lifetime of the 
relaxation.  

To investigate these trapping states with the low recombination probability at low temperatures we 
have analyzed the thermally stimulated currents. In Fig. 5 the experimental TSC measured at 200 V/cm 
electric field is indicated by the dotted line. Appearance of two current peaks with different activation 
energies is seen at lower temperatures. Meanwhile close to the room temperature TSC curves is coinciding 
with the dark current having activation energy of about 0.65 eV. Upon increasing electric field strength the 
strong nonlinear dependence of the current is clearly seen up to the temperatures of about 180–200 K. At 
higher temperatures the linear dependence of the current of the applied electric field becomes prevailing 
again.  

To analyze such behavior in more detail, TSCs in repetitive heating mode were measured as presented 
in Fig. 6. At lower temperatures a wide and high TSC peak appears in all three curves, having thermal 
activation energy values of about 0.065–0.08 eV. In the following heating cycles these values increase up to 
0.11–0.12 eV. This could be explained by the fact that if carriers are thermally generated from the potential 
wells of the band gap edges, in each temperature scan the effective depth of the partially emptied wells is 
increasing.    
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Fig. 5 – TSCs measured at different fields. The dark currents 

measured without light excitation are shown by dashed curves. 
At 200 V/cm TSC is presented by the dotted line and its fitting 

is shown by the solid line. 

Fig. 6 – TSCs obtained by repetitive heating. 
The numbers indicate thermal activation energies. 

After these shallowest traps become emptied, carrier generation from deeper traps with the thermal 
activation energy of about 0.33 eV begins. The emptying of this level occurs at about 220 K, as it is indicated 
by the flattening of the TSC curve. After that, the thermal generation with the activation energy of 0.65 eV 
starts, which is close to the values of 0.68–0.7 eV in Refs. [17, 24]. We have used these experimental values 
as model parameters to fit the TSC curve in Fig. 5 by using Eq. (2).  

The presence of the defect states, which, 
depending on their filling might start acting as 
recombination centers, is proved by the thermal 
quenching effect in the illuminated samples.  
In Fig. 7 the temperature dependencies of the dark 
current and photocurrent upon band-to-band light 
excitation are shown. They were measured 
starting from the lowest temperatures. The photo-
current exceeds much the TSCs, and it remains 
nearly stable up to ~180 K. At higher temperatures, 
the current starts decreasing with ~ 0.64 eV 
activation energy. Such thermal quenching of 
photoconductivity is well known, in particular in 
A2B6 semiconductors [25]. It is caused by the 
thermal emptying of the recombination centers, 
which, when filled, cannot trap carriers. Notably, 
activation energies of both dark current and 
thermal quenching are similar. This is a proof 
that thermal quenching could be caused by the 
emptying of the trap at about 0.65 eV.  

4. SUMMARY AND CONCLUSIONS 

We have identified persistent conductivity effects in TlBr at the temperatures below 200 K and down to 
100 K. The conductivity values in this state have demonstrated the strong superlinear dependence on the 
applied electric field strength. The long lasting photoconductivity decays were initiated by intrinsic light 
excitation of the samples. The observed phenomena were associated with the filling of the trapping states 
having thermal activation energy of about 0.08–0.12 eV. The enhanced photoconductivity could be thermally 
quenched above 180 K. The quenching is presumably initiated by the emptying of the trapping states with 
activation energy of about 0.63–0.65 eV.  

 
Fig. 7 – Temperature dependencies of the dark- and photo-currents 

measured from lowest temperatures upon 
the above-band-gap light excitation. 
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