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Study of generation-recombination processes of non-
equilibrium charge carriersin single crystallinethin
GaSe(Cu) films
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The generation-recombination processes of non-equilibrium charge carriers in undoped and Cu-doped (in the range 0.1-0.5
at.%.) single crystalline GaSe films with thickness d in the range 1.5-225 pm are investigated. Cu doping of GaSe crystals
up to 0.5 at.% leads to an increase of electrical conductivity by over 4 orders of magnitude, as well to enhancement of
impurity luminescence band (PL) and extension of photoconductivity spectral range. By studying PL and photonductivity
spectra, for different excitation (photon) energies in temperature range (78-420) K, energies of localized states due to both
Cu and accidental impurities are determined. By analysing temperature dependence of electrical conductivity and
photoconductivity for undoped and Cu-doped films, the activation energy of acceptor levels in doped films was determined
as 0.058 and 0.025 eV. Increasing Cu doping from 0.1 to 0.5 at.%. results in decreasing energy of acceptor levels up
to [0.02 eV. By analysing the impurity absorption and photoconduction at 78 K the energy of acceptor levels was
determined as 12-15 meV greater than previously evaluated, depending on Cu concentration. For fims with d<5 pym, the
surface states concentration increased for Cu doping over 0.3 at.%.
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1. Introduction

Gallium selenide (GaSe) belongs td'B layered

crystals, with a hexagonal unit cell. Each layer is

composed of stratified packages of Se-Ga-Ga-Se Type
links between packages are accomplished by polemizd
forces, while inside the package covalent bondwvaire
[1]. By inserting impurity metal atoms of I-11l gups into
GaSe lattice, the native structural defects in mhetal

sublattice are liquidated, besides they can form an

Cu atoms in proportions of 0.01-0.50 at.%. havenbee
introduced into the initial element composition ftire
chemical synthesis. As resulted from the emissjmtisal
analyze, the variation of Cu atoms concentratio®abe
single crystals was up to 5 at.%.

The crystalline structure of as-prepared crystads w
examined by X-ray diffraction (XRD), by using a
DRON-2 apparatus (Cukradiation,A=0.15418 nm).

The spectral characteristics of photoluminescence

intermediary layer localized between halogen planes(pL) of GaSe(Cu) crystals at 78 K have been recbiyea

resulting in nanostructured -Se-Ga-Ga-Se-Me- fitrdti
packages [2]. The GaSe-based nanostructures pdeipgare
impurity atoms intercalation show (likewise GaSegk
crystals) photoelectric and radiative propertieshia VIS
spectral range [3]. At layer surface the valenoeds are
practically closed [1], thus leading to low congatibns
of surface states. This feature recommends uiibizabdf

spectrophotometric installation including a
monochromator with diffraction grating (1200 mrand
600 mm") [8]. The excitation of PL was performed by
using monochromatic radiations provided by a IAser
(A=334 nm) and a DRS-500 filtered mercury lamp
(A=546 nm), respectively. In the calibration of regpe

A"B"' materials as active elements in luminescent diodesnstallation, the spectrum of rodamine solutiorethanol

(LEDs) and micro-lasers in VIS and NIR spectral dora
[4,5].

In a previous paper[6] we have
construction of a Fabry-Perot interferometer based
GaSe(Cu) single crystal.

In the present work we investigate the influenc€of

reported the

was used as reference.

The energy spectrum of trapping states (surface
capture levels) has been studied by using the rdetfio
thermally stimulated currents (TSC). In TSC methiod
sample (previously excited by a radiation corresipog to

doping on the recombination-generation processes oihe depth of the fundamental absorption band) asdueat

charge carriers in GaSe crystals, by studying thgiical,
photoelectrical and radiative characteristics.

2. Experimental

a constant rater=dT/dt, ranged between 20 and 40 K/min.
In the course of sample cooling from room tempeeatu
(293 K) to the nitrogen’s boiling point (77.3 K}, was
excited with photons of energw#2 eV; in this way, the
capture levels are uniformly filled with electrorsd

The GaSe Single CryStalS were grown from m6|treproducib|e results are obtained.

(Bridgmann’s method) in a temperature gradientdam
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3. Results and discussion

The XRD patterns of GaSe samples show strong

reflexions indexed as (004) and (0014) respectjviebm
which the parameters of the hexagonal lattice Hzeen
determined (Table 1).

Table 1. The parameters of the hexagonal lattidBafbe.

Cu 0.00 0.01 0.05 0.10 0.20 0.5Q
concentration

at.%

a A 3.752 | 3.752| 3.757 3.765 3.77  3.767

c, A 15.952| 15.951| 15.949 15.95 15.94815.946

As estimated values af andc parameters are seen to
correspond te-GaSe polymorph [6].

As can be observed from Table 1, at
concentrations up to 0.1 at.%, the lattice pararset@and
c virtually coincide with those of undoped GaSe tals
So, we can state that Cu atoms, at low concentisgtico
liquidate the structural defects from metal suldatt A
further increase in the Cu concentration resultsam
increase of the parameter, which stabilizes itself at
concentrations 20.20, while the parameter is seen to

Cu

vary only slowly against 15.950 A throughout invgsted
concentration range.

The above results can be interpreted by takingtheo
account that the covalence radius of Cu is ledser that
of Ga, and thus by filling Ga vacancies with Cunago
(relatively low proportions), the lattice practigatioesn’t
change. Besides, the parametecorresponding to the “c
optical axis, which is normal to the layer (stiatif
package) surface, remains also unchanged during
vacancies liquidation. At higher doping levels, the
exceeding Cu atoms localize between Se planesygirad
new hydrogen bonds between Se atoms from neigtgorin
packages and thus contributing to a relatively kmal
decrease of thevalue in the case of GaSe (Cu) crystals.

In the domain of the fundamental absorption banel, t
absorption coefficient of GaSe crystals is seeimtcease
from (1-3x10° cmi® at the red absorption edge, to a
constant valugBx10® cmi’* for a photon energy of about
3.70 eV [9]. From this feature one can concludé tha
generation-recombination process of non-equilibrium
charge carriers takes place in a surface outer hajth
thickness 1dmin= 0,5um.
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Fig. 1. Temperature dependence of the dark elettcianductivity for undoped GaSe (1) and Cu-do@aiSe
with Cu concentration 0%b6at. (2), 0.10 % at. (3) and 0.20 %. at. (4).

Fig. 1 shows the temperature dependences of thwereE, is the thermal activation energy of the acceptor
electrical conductivity,o, for undoped (curve 1) and statesq, is a parameter depending on the semiconductor
Cu-doped GaSe with impurity concentrations in #w®ge  nature, k is the Boltzmann's constant, and T is the
0.01-0.20 at.% (curves 2-4). As can be easily oleskrthe  temperature.

electrical conductivity exponentially increases hwit In temperature range (78-300) K, the electrical
temperature. In  both model based on bandgap.onduction of undoped GaSe crystals is determiyeb
representation and potential barrier model, th'sacceptor levels located &f70 meV and 130 meV

dependence can be described by the relation [10] respectively, toward the top of the valence band.

=0, exp(— E, (1)

2ij’
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Fig. 2. a) Temperature dependence of TS@-BaSe samples with thickness 285 (1) and 5m (2). b)
Semildtiamic plot for the sample with thicknesgas.

Cu-doping ofe-GaSe crystals up to 0.1 at.% leads toto the thermal ionization of the capture levelsalzed
the formation of a new acceptor level, locatedziua 90  inside the stratified package.
meV toward the top of the valence band. One casiden In Fig. 2b the temperature dependence of TSC for th
that by destroying the structural defects in thetame thinnest sample (im) is presented. As can be seen, in
sublattice (inside the stratified package), Cu atdith up temperature interval({l50-250) K, the experimental data
the acceptor levels with energies of 70 and 130 ,naed  are fitted by a straight line.
create a new acceptor level assembly with an agerag  Since the kinetics of non-equilibrium charge carrie
energy of 90 meV. release from the capture and recombination levets a

By increasing the concentration of Cu over 0.2%at. unknown, the temperature dependence of the current
the level by 90 meV maintains, besides a new tymeep  density in the initial stage can be expressedaifaim [11]:
localized states, positionned at 210 meV agairestap of
the valence band, shows up. This is a deep acckply E
produced by Cu impurity atoms, located betweendeaio J= A@xp(——j, )
plans of neighbouring packages.

The photoelectric and photoluminescent propertieswhere A is a constant independent on temperatateEa
whose efficiency is determined by the mechanisms ofienotes the average energy of the capture levelsofo-
generation and recombination of non-equilibriumrgea  equilibrium charge carriers. According to Eq. (By
carriers, are strongly influenced by the nature andpjotting logJ=f(16/T) dependence in the beginning
concentration of the shallow levels-capture levely.  gomain (100-150 K) of curve 1 (Fig. 2a), from itspe

analysing the thermally stimulated currents (TS@J @ the average energy of the initial capture levels been
photoluminescence (PL), the characteristics ofeegels  jotermined as 0.32 eV.

are to be determined.

Fig. 2a presents the temperature dependence of TSC
for two samples of undoped single crystalline Gatit) Jrscl10°, A/
different thicknesses. In the case of larger théskn(225 SCLEY
pm), the TSC curve shows two bands with maximum at 2
about 150 K and 250 K respectively, while in theecaf
small thicknesse<b um), it contains a single one. 15

As was mentioned above, the structural defects are
localized inside the stratified packages, as webetween
halogen planes forming level assemblies with quite ]
different energies. It is well established [7] tredt the
stratified package’s surface the valence bondsclased, 0.5 -
which leads to a low density of surface states.
Consequently, an increasing sample thickness nagsitr
in a band attenuation for the states localizedaakages
interfaces. By comparing curves 1 and 2 (Fig. @ag can
conclude that the lower temperature band is praitlige
the capture states accumulated at interfaces betwee Fig. 3. Temperature dependence of TSC for Cu-doped
halogen planes, while the higher temperature bardlié GaSe.1-0.01% at.; 2—0.05 % at.; 3 — 0.18t%

4 —0.50 % at.

50 100 150 200 250 300 T K
1
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The temperature dependence of the T3g=f(T), a structured contour located by 2.09-2.10 eV, wiiile
for Cu-doped GaSe samples with an impurity amoont i other, a broad band, is of impurity nature and is
the range (0.01-0.50) at.% is showed in Fig. 3. Aspositionned at2.03 eV. The first band is spitted in two
evidenced in this figure, thiss=f(T) curves show several components peaked at 2.092 and 2.097 eV.
bands with well outlined maxima. The temperature It is relevant to point up that the splitting beemethe
positions of TSC peaks from Fig. 3 are then intoedlin ~ exciton line’s components, due to both GaSe

the Bube formula [10] polymorphism and spin-orbit interaction of the ¢éows in
the state n=1, is of the order of 2 meV [11] and,
E=T,/A, (3) consequently, smaller than the previous one, etué

meV. Besides, the energy of the optical phonons (LO

where E denotes the energy of the capture leyeisThe  mode), which are able to interact with the excitoiss
peak temperature, and A is a constant dependinthen equal to 25 meV [7], so that the component at 2.692
material’s nature, in order to obtain the energy ofcan’'t be associated with the phonon repetitiornefline at
respective level. 2.097 eV. From the above reasons one can admittitbat

As determined energies of the capture levels forline at 2.092 eV is due to the radiative annihdlatof the
undoped and Cu-doped samples are listed in Table 2. excitons by ionizing centres in tiseGaS crystal, and their
binding energy is equal @ meV.

Taking into consideration that holes are the mgjori
charge carriers in both undoped and Cu-doped GaSe
crystals (up to 0.0 at.%), the band by 2.03 eV ban

Table 2. The energies of the capture levels foopad
and Cu-doped GasSe crystals.

Cu 0.00 0.01 0051 010l 020 os5p assigned to the luminescent recombination of the- no

concentration equilibrium charge carriers from the conductiondarith
0,

at.% the holes located at the acceptor levels by 90 f@vard

£  the—0-32 0.38 0.40 - 0.2  0.2¢
nergy of e o1 1 0.52 | 054 | 052] 046 04p the top of the valence band).

capture levels . . . K . .

Ry 0.47 As is evidenced in Fig. 4, Cu impurity atoms do

0.53

modify the structure of the radiative spectrum. The

dynamics of the PL spectrum in the case of dep&hSe
By analysing these experimental results one can seerystals, in function of Cu concentration, is todigscused

that the capture level with (average) energy b @8 is  bellow.

present in overall concentration range. Moreovennie For a concentration of 0.05 at.%, the line of the

admit that the area of asd=f(T) band is proportional with  yadiative annihilation of the free excitons in ttate n=1

the concentration of the trapped charge carriées; the (hv=2.098 eV) is outlined, and the line n=2 (the feat@

nature of these levels could be related to the ctiefe in Fig. 4) practically overlaps the first one. Biesi, the

produced by halogen atoms. Besides, the level3& &V . .
(pure GaSe) approaches the level at 0.52 eV for CLpand B at 2.065 eV, registered for a Cu conceotratif

concentrations of 0.01 and 0.05 at.%, and is seen tO-01 at%, merges the exciton line n=1, thus beegran
disappear for 0.10 at.%. Cu. One can conclude tthet intense band with broadened base. Also, the impurit
level by 0.32 eV in undoped GaSe is determinedhiey t band, which is characteristic to undoped GaSe atysts
structural defects inside the stratified packageetén evidenced (Fig. 4).
sublattice), and at increased Cu concentrationg #ne In this way, at low concentration§.05 at.%),
liquidated. the peak of the impurity band displaces toward déigh
For further increased Cu concentrations, from @01 energies byBO mV as against respective band in undoped
0.50 at.%, new capture levels, located at 0.26-8\28as crystals, while the outer band has three componsitts

well as 0.40 and 0.47 eV, turn up. By taking intoaunt . .
the XRD analyses, one can suppose that the lasewets maxima at 2.088, 2.098 and 2.113 eV. The maximum by

are produced by Cu atoms present between haloge%'098 e\/ corr_esponds to the radifative annihilatbrthe
planes. free excitons in the state n=1, while the (wealdtiee at

The spectral dependences of photoluminescence (PL3-113 eV can be associated with the radiative #afign
for GaSe(Cu) crystals at 78 K are presented in Fig. of the excitons in the state n = 2. The last twatees
Since the structure of the PL spectrum indicates th coincide (as energy position) with respective lifiesn
diagram of the recombination levels, that are algated the absorption spectra of-GaSe crystals at low
by accidental crystal impurities, the analysis ofleped  temperatures. The particularity with energy 2.088can

GaSe spectrum (Fig. 4, curve 1) is necessary. Thgg gggnciated with the radiative annihilation @& tond
spectrum is composed of two bands, one charaatebiye excitons (binding energy equal @O meV)
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Fig. 4. Spectral distribution of PL for undoped éa)d Cu-doped GaSe (b — 0.05 at.%;
¢ —0.10 at.%; d — 0.20 at.%; e — 0.50 at.%) atgerature 78 K.

By comparing curves a and b from Fig. 4, one can  In the case of the recombination bands the thermal
state that Cu doping up to 0.05 at.% results in thegquenching of PL is described by [13]
elimination of structural defects and thus stimesat
crystallizationn of-GaSe. In this way, GaSe crystals with
0.01 at.% Cu, grown by Bridgman method, are single lo 4
phase and contain tlsgpolymorph. In| =-1|=f (T ) ,

An increased Cu concentration up to 0.20 at.%
result in an enhanced impurity PL, as can be seenrives (4)
d and e Cu addition leads to the increase in the
concentration of recombination levels localized 8865
meV against the top of the valence band.

Further increasing Cu concentration up to 0.50 ,at.%
the band of free excitons gradually extinguishesamnew
band with maximum at 2.073 eV shows up, which is
displaced toward lower energies B3 meV as compared
with the line of the free excitons. It is assodite the 504 in function of the reciprocal temperature (eq) &k
radiative annihilation of free excitons, accompdrdg LO  presented in Fig. 5, for two Cu concentrations. IBar Cu
phonon emission, with an energyl@6 meV [7]. concentrations, the energy of thermal ionizationthus

The energy of the recombination levels contributng panda is about 26 meV and is in good agreement with the
the PL bands andb coincides with the average thermal pinding energy of the electron-hole pair, as deimech
activation energy of respective level and can befrom the exciton absorption spectra [13]. The retipe

determined by analysing the thermal quenching ofrecombination level is localized atl05 meV above the
respective bands. valence band.

T

where I+ and |, denote the peak PL intensitiy at
temperature T and its maximal value, respectively.

At increased tempeartures above 78 K, the intens$ity
the exciton band decreases, while the impurity band
initially increases and reaches the peak valudeiital50
K, afterwards it quenches exponentially.

The dependences of the peak intensity for the bands
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Fig. 5. Temperature dependence of the peak PLdittefor bands A (1) and B (2) in GaSe(Cu) cryst@ls, % at.:
0.05 (a)si 0.10 (b). Indicated are the values of the \ation energy.

Increasing Cu doping of GaSe up to 0.50 at.%, theenergy of 210 meV. It is produced by Cu atoms laedl
exciton band probably merges the impurity band andbetween stratified packages.
forms a mixt band. The average energy of the reispgec The generation-recombination processes of the non-
impurity level is equal to onlyll1 meV toward the top of equilibrium charge carriers are determined by taesdy
the valence band. For this reason the nature afaipiieg ~ of the surface (capture) states in GaSe(Cu) ceystilese
for the banch at increasing temperature coincides with PL are localized either inside the stratified packagyest their
quenching of the free excitons in undoped or loweatb  surface.
(x<0.05 at.%) GaSe crystals. The average energy of the From the analyze of TSC the energies of the capture
recombination level created by Cu atoms (0.50 iat.) levels for undoped and Cu-doped up to 0.50 at.% hewn

around 0.17 eV. determined. At increased Cu concentration up to
0.05 at.%, the average energy of the surface levels
4, Conclusions increases; for higher concentrations (0.20 at.% and

0.50 %at.), a new energy band diagram is effective.

Cu-doping of GaSe crystals at low concentratiops, u GaSe and GaSe(Cu) crystals are red luminescent
to 0.10 at.%, doesn’t change the paramedeasdc of the ~ materials. The PL spectrum contains two bandsta@xci
hexagonal lattice, equal to 3.752 and 15.952 Aand impurity, respectively. The impurity PL band is
respectively. Increasing Cu concentration up t®@6%  produced by radiative recombination of the chareiers
results in an increase of tlevalue by[0.015 A, while from the conduction band and holes localized at the
those ofc decreases byn.006 A. Consequently, Cu atoms recombination level with an energy of 90 meV (aghihe
initially fill up Ga vacancies, afterwards localipetween  top of the valence band). o
halogen planes of consecutive stratified packages. The complex structure of the outer PL line is doe t

The electrical conductivity of GaSe(Cu) crystals the radiative annihilation of free excitons in #tate n=1
depends on both temperature and Cu concentration. I(the peak at 2.098 eV) and n=2 (the peak at 2.1)3as
temperature range (78-330) K, it exponentiallyemsvith ~ Well as of bond excitons (by ionizing centres) wih
temperature and thermal activation energy of teeptor ~ binding energy of10 meV.
levels. The accidental impurities produce two atmep By analyzing the temperature dependence of PL
levels in the GaSe forbidden band, with a thermalintensity, it was found the average ionization ggeof
ionization energy of about 70 and 130 meV, respelgti ~ free excitons:[26 meV. Besides, Cu atoms create a
The copper atoms, at low concentrations, under &26, recombination level with an energy[Gf05 meV.
create a new acceptor level with an average enzfr§9 For higher Cu concentrations of 0.50 at.%, a
meV. For increased Cu concentrations, up to 0.39,a  recombination level with an energy of 11 meV isnfied.
second, deep level turns up, with a thermal adtivat The corresponding PL band overlaps the exciton Jband



11¢ E. Cuculescu, Ig. Evtodiev, M. Caraman, L. Leontie

turning into a mixted band. At the same time a [8] Valentina Chiricenco, M. Caraman, I.I. Rusu,

recombination level localized at 170 meV (agaihst top L. Leontie, J. Lumint01, 71 (2003).
of the valence band) turns up. [9] M. I. Caraman, V. P. Mushinski, Izv. AN MSSR,
Ser. Fiz-Tehn. Mat. Nauk, V@, str. 53 (1988)
(in Russian).
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