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Large size TlGaSe- layered crystals grown by Bridgman method have been investigated by x-ray microanalysis and scan-
ning electron microscopy. The mechanism of excess free carrier recombination after a high level laser pulse excitation per-
formed in a high quality sample has been investigated. It has been shown that, in high injection region, the carrier lifetime is
mainly determined by Auger recombination. The Auger recombination coefficient is established to be about 1-1072° cm® /s.
In low injection region, minority carrier trapping is observed. The longest exponential majority carrier constant lifetime is

equal to 6 ms at 70 K.
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1. Introduction

The ternary compound TlGaSe, crystals belong to
the class of complex semiconducting chalcogenides
ABXs (where X is chalcogen S, Se, Te). They are layer
and chain crystals that can be represented by mono-
clinic structure of 32 atoms in the elementary cell and
the Cy /¢ (CS,,) space group [1]. Stacking of atoms in
the crystal is arranged in a form of two twisted an-
ionic layers with a weakly bonded TI™ cations located
in the trigonal cavities between them. Therefore, crys-
tals consist of separate layers with strong bonding be-
tween atoms within a layer and weak bonding between
the layers. Recently, such semiconductor crystals re-
ceived a great deal of attention due to their optical and
electrical properties in view of possible optoelectronic
device application [2]. In this case it is necessary to
clarify the processes of recombination and to determine
the lifetime of minority carriers in the material. Up to
now, very few investigations have been performed on
the subject in earlier photoconductivity studies under
low injection levels [3-5]. To the best of our knowl-
edge, analogous research in the range of high excita-
tion has not been carried out. So, the main objective of
this study is to investigate the recombination processes
and to determine the carrier lifetime mechanisms in
T1GaSes at high excitation level.
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2. Structural investigation

Samples used for investigation were synthesized
from the high purity elements taken in stoichiomet-
ric proportions. Large size platelets of a few millime-
tre thicknesses and of several square centimetres were
grown by Bridgman method [6]. Crystals showed weak
p-type conduction at room temperature. Some platelets
contain a number of flaky-damaged plains. These par-
ticular platelets have weaker mechanical rigidity in
term of slicing, while some other ones were charac-
terized by much higher rigidity and optical uniformity.
For those platelets, in their band edge absorption spec-
trum taken at low (15 K) temperature, direct exciton
peaks and indirect excitonic steps have been clearly
identified [7].

In order to distinguish the samples, we have per-
formed their scanning electron microscopy and x-ray
microanalysis using LEO1455VP apparatus (Karl
Zeiss) equipped with SiLi detector (Rontec). A few
electron scan images at 20 keV electron energy ob-
tained for mechanically defective sample surface are
shown in Fig. 1. A number of separated inclusions (par-
ticles) or fragments of different shape and size, can be
distinguished on the surface. Most of them are stuck
in the terrace boundary regions (Fig. 1(a,b)). Quali-
tative measurement of element composition, as shown
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Fig. 1. Scanning electron microscopy images of the defective

TlGaSe, surface areas with different resolution: (a) 10 pum, (b)

2 pm, (c) 0.5 pm. A number of different size particles are mainly
located in terrace boundary regions.

in Fig. 2, was performed along certain sample surface
lines. It shows that some inclusions clearly have en-
riched content of Se and reduced content of Ga. Other
ones have another type of nonstoichiometric differ-
ences, for example, increase of Se and reduction of Tl
while Ga is almost unchanged. On the other hand, the
small particles of elliptical shape (such as in Fig. 1(c))
were defined as Tl precipitates without noticeable con-
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Fig. 2. Element content distribution along the line of the defective
area.

tent of other two elements. Taking into account x-ray
intensity of the characteristic energy lines and effec-
tive volume of the excitation, we have performed a
mathematical data processing of absolute element ra-
tios. Then we have found that, within the experimen-
tal error range, the composition of TIGaSes compound
in plain areas of the samples without any type of frag-
ments and precipitates falls into the stoichiometric ratio
range.

These results can be interpreted as follows. Dur-
ing the growth, a substantial disturbance of the stoi-
chiometry can take place in certain areas of crucible
during prolonged time of cooling in the range of 950-
1150 K. The excess of some elements in TIGaSe, crys-
tal precipitates and forms the inclusions. Some of those
precipitates are incorporated between layer planes and
weaken mechanical properties of platelets; others are
released in outer part of crucible. On the other hand,
quite large areas of crystal are grown without substan-
tial disturbances.

In Fig. 3 a lateral view of the uniform platelet with
visible layer sides is shown. The overall surface is al-
most perpendicular to the layer (100) plane, and only
small roughness associated with presence of multitude
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Fig. 3. Scanning electron microscopy image of lateral sample side
before polishing. Layer planes are clearly visible.

layer distortion can be observed. Such platelets were
slabs of a 4x 8 mm? size with thickness of about 2 mm.
They have been carefully polished on both sides of lay-
ers cross cut planes. After polishing, damaged side
parts of each sample were cleaved off along the basal
plane, i.e. parallel to the layers. As the result, a rect-
angular shape and optically homogeneous samples of
about 2x6x0.45 mm? dimension have been obtained
for pump-probe investigation of carrier recombination.

3. Free carrier absorption

Selected and optically polished TlGaSe, sample of
high quality was placed on a cold finger of nitrogen op-
tical cryostat. Sample was homogeneously excited with
580 nm wavelength and 2.5 ns width at half-maximum
amplitude pulses from a tunable wavelength optical
parametric oscillator, which was pumped by Nd:YAG
laser. The pulse repetition rate was 40 Hz and the max-
imum laser fluence per pulse was 0.25 mJ/cm?. Free
carrier absorption signal was detected using a 1.3 yum
focused infrared probe beam directed from the perpen-
dicular side. The details of the measurement set-up can
be found in Refs. [8,9]. The photoinduced absorption
transient A«/(t) was recorded in a real time mode us-
ing a digital oscilloscope with a 1 ns sampling resolu-
tion. The signals were averaged over 500 signal traces
to reduce the noise level. Carrier concentration value
was estimated from the relation An = Ap = Aa/oep
where o}, is free electron—hole pair cross-section de-
scribed in Ref. [7].

4. Lifetime results

Figure 4 shows an example of excess carrier decays
at 70 and 295 K. As one can see the decays are nearly
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Fig. 4. An example of excess free carrier decays at 295 and 70 K.
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Fig. 5. Excess free carrier decays after pump laser pulses with var-
ious time resolutions to cover a wide range of the concentration
change in log—log scale.

hyperbolic in the beginning part of decay. For better
visualization of decay process several measurements
with various initial values of injected excess carrier
concentration and different time resolution have been
performed. The result of the measurement at 70 K is
shown in Fig. 5. For obviousness the obtained data
are presented in a log—log scale. The derived relation-
ship provides a way for calculation of instantaneous
lifetime values as a function of carrier concentration
[9]. Figure 6 presents such plot where distinct sym-
bols identify sets of data determined from different de-
cays in Fig. 5. As seen, the lifetime varies proportion-
ally to An~2 when carrier concentration is more than
2-10'7 cm™3. At excess carrier concentration of about
4-10'6 and 3-10'6 cm—2 a reduction and then increase
of the slope occurs. In the low injection region (An <
10'6 cm™3) decay saturates at lifetime of about 6 ms.
Other measurements of the decay have been per-
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Fig. 6. Instantaneous excess free carrier lifetime versus their concentration. Each type of symbol represents result obtained from single An
decay. The lifetimes associated with Auger recombination are shown by dashed line.

formed with different probe beam wavelength and po-
larizations with respect to the crystal c-axis. These (not
shown) results can be summarized as follows. A life-
time variation proportional to An~2 in high level in-
jection region is observed in all measurements. In the
intermediate injection range, T versus An relationship
slope takes different values depending on the probe
beam wavelength and polarization. A part of decay at
low injection in all cases is ending with the similar con-
stant lifetime. The value of this lifetime increases from
10—15 ps to 5—7 ms when temperature decreases from
300 down to 70 K.

In the generally accepted model of injection and re-
combination processes in three-dimensional bulk ma-
terial the equality between excess electrons and holes
(An = Ap) is assumed to be valid all the time. The
overall recombination lifetime 7 can be expressed by
the inverse sum of the inverse lifetime additives [9]:

_ _ _ _ _1y—1

T=(Tgru+7s +n A FTA) . (D
Here TS_I;%H is impurity centre related (Schockley—
Read-Hall) lifetime, 74 1 is surface related lifetime,

7.1 is radiative, Ttll is trap-assisted Auger lifetime,

and 7, ! is band-to-band Auger recombination lifetime
[8]. In TIGaSes we may neglect surface related and ra-
diative lifetimes because of the low diffusion to the sur-
faces [7] and negligible radiation probability [10], re-
spectively. We also assume that trap-assisted Auger re-
combination is not important. The band-to-band Auger
recombination lifetime term 7o = 1/(yAn?) in tree-
dimensional model is in close agreement with observed
dependence. By applying this relationship (dashed line
in Fig. 6) we obtain Auger recombination coefficient to
be equal to about 1-1072% ¢cm®/s. To the best of our
knowledge, the value of Auger recombination coeffi-
cient in TlGaSe, crystal is reported for the first time.
In the intermediate injection range, the observed dif-
ferences of lifetime obtained using various probe beam
polarizations and wavelengths can be explained in the
following way. In the general case the free carrier ab-
sorption coefficient Aaw = o An+oy-Ap, where o)
is free electron (hole) absorption cross section. The
value of A« is determined by superior component. We
assume that condition An = Ap is no longer obeyed
in the intermediate injection region and part of one or
of both types of excess free carriers is trapped. Fur-
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thermore, for the direct intraband mechanism of free
carrier absorption (i. e. vertical optical transitions with-
out phonon contribution), the ratio o /oy, can vary with
probe beam wavelength and its polarization depending
on the symmetry of the bands. A good example of
0e/on changes (so called Biedermann bands) was ob-
served in anisotropic hexagonal semiconductors such
as SiC polytypes [11]. The same situation could be ex-
pected in our case. However, in contrast to SiC, the
oe and oy, dependence on the wavelength is not known
for TIGaSe, since it is impossible to get highly doped
crystals of such layered material. We assume that af-
ter pump laser pulse part of electrons are captured and
recombination velocity of holes via deep centres deter-
mines a constant free carrier lifetime at the end of the
decay process.

5. Conclusions

We have investigated the structure and carrier re-
combination in high quality TIGaSey layered crystals.
It was shown for the first time that the main recombi-
nation mechanism at high level injection region is the
Auger recombination, as in bulk crystals. This result is
consistent with a three-dimensional model applied for
explanation of an excitonic absorption edge in TlGaSe;
[7] and other layered semiconductors [12].
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STRUKTURINIAI BEI KRUVININKU REKOMBINACIJOS TYRIMAI TIGaSe, SLUOKSNIUOTUOSE
KRISTALUOSE

V. Grivickas #, V. Bikbajevas #, M.I. Tarasik P, A.K. Fedotov P

 Vilniaus universieto MedZiagotyros ir taikomyjy moksly institutas, Vilnius, Lietuva
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Santrauka

Dideliy matmeny T1GaSe- kristalai, iSauginti BridZzmano budu,
buvo tiriami skenuojanciu mikroskopu ir analizuojami antriniy
rentgeno spinduliy spektroskopijos metodu. Pertekliniy kraivininky
rekombinacija buvo tiriama Zadinant lazerio impulsu, matuojant
laisvakriive sugerties relaksacija. Parodyta, kad didelés injekcijos

atveju kriivininky gyvavimo trukmeg lemia OZé rekombinacijos me-
chanizmas. Gautas Oz¢é rekombinacijos koeficiento dydis yra apie
10722 ¢cm®/s. MaZesnés injekcijos srityje stebimas nepagrindiniy
krioivininky prilipimas. Ilgiausia pagrindiniy krivininky eksponen-
tinés relaksacijos trukmé siekia 6 ms, kai 7' =70 K.



