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In present article we present results of detailed study of the possibility adapting
AgGaGe;Seg single crystal properties to desired requirements by investigate the influence
of the different cationic substitution on the physical properties: optical, nonlinear optical
(NLO) — Second Harmonic Generation (SHG) and temperature dependent photoconductiv-
ity. We report results obtained for modified crystals based on AgGaGe;Seg by cationic
substitution of the elements belong to first — (Ag—Cu), third (Ga-In), and fourth (Ge-Sn)
groups of the periodic system. For the convincing observation the effects of various
impurities and compare results with obtained for virgin AgGaGe,;Seg crystal was con-
ducted replacing at 5 mol. % one element by another.

Keywords: SHG, NLO, impurities.

Onucaubl BO3BMOMKHOCTU IOACTPOMKN OINTHYECKUX, HEJIHNHEeHHO-ONTHYeCKUX (reHeparus
BTOpOIi rapMoHMKN), (oroenexkTpuueckux cpoiicts AgGaGe;Seg MoHOKpuUCTaLNTa K 3apaHee
3MAHHBIM CBOMCTBAM IIPU IIOMOINM KATHOHHOIO 3aMelleHusA. IIpeacTaBiedbl Pe3yabTAThL A
MOHOKPHCTAJLJIOB TBEPIABIX PACTBOPOB, IOJIYYEHHBLIX C [IOMOIIbI0 KATHUOHHOI'O 3aMELeHHUS
nepsoit (Ag—Cu), tperpeit (Ga—-In) u uerBeproit (Ge—Sn) rpynn mepuOAMYECKON CUCTEMEI
2J1IeMeHTOB. [J1f BOBMOMHOCTYU CPABHUTEL PE3YJILTATHI MCCJIEAOBAHLI KPUCTAJILI ¢ 5 MoJ. %
3aMellleHreM OJHOTO JJeMeHTa APYTUM.

Bnane kartionHoro samimenas Ha dortoexexTpuudi, I'9-onTuuHi Ta HeJiHiTHO-ONTHUYHI
paacrueocti momoxpucrana AgGaGe,;Seg. A.C.KEpumyce, I'JI.Muponuyx, O.B.Ilapacior,
I.B.Kimux, M.Ilaceuybruil.

Onmcano MOMKJIMBOCTI TiZICTPOIOBAHHS ONTUYHUX, HeMiHIHHO-OoMTUYHUX (reHepalis
apyroi rapmonikm), (oroenexrpuunux piracrupocreil AgGaGe;Seg MoHOKpHICTANA KO 3aspa-
Jerigp 3aJaHUM BJIACTHUBOCTAM 3a [JOIIOMOrOI0 KaTiomHoro samimienns. IIpexcrapiieno pe-
ByJABTATA [AJSI MOHOKPHUCTAJIB TBEPAUX PO3UMHIB, OTPUMAHMX 3a JLOIOMOrOK KATiOHHOTO
samimenns nepmoi (Ag—Cu), rtperiit (Ga-In) i uereeproi (Ge—Sn) rpyun nepioguuuoi cucremMu
enemeHTiB. [l MOMKIMBOCTL HOPIBHATH PeSYJbTATA TOCHiIKeHO Kpucrtaaum 3 5 mMoa. %.
3aMiIleHHSM OJHOI'O eJIeMeHTa 1HIINNM.
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1. Introduction

Chalcogenide single crystal AgGaSe, is
well known for possible application in non-
linear optics and infrared technology in the
spectral range of 8—18 um [1, 2]. As one of
an attempt to improve the desired proper-
ties of the AgGaSe, crystal was adding
GeSe,. In [3] were presented properties of
obtained quaternary phase Ag,Ga,Ge,_,Se,.
The resulting solid solution has a wide
range of homogeneity for 0.167 < x <
0.333. Was found a number of important
advantages for Ag,Ga,Ge,_,Se, in compari-
son with triple compound: a lower melting
point and a simpler process of growing [4],
which leads to a reduction of crystals;
greater resistance to laser irradiation [5],
which is an important aspect when using
compounds with powerful sources of optical
radiation.

Single crystal AgGaGe;Seg corresponds
to maximum melting on the phase diagram
and melts congruently [3] crystallizes in or-
thorhombic non-symmetrical space group
Fdd2 with the band gap (2.17 eV) [6] as the
strong defective semiconductor with a large
anisotropy of physical properties [7].

Great interest by titled crystals caused
by the unique its physical properties that
can be used to create electro-optical [8, 9]
and optical [10, 11] devices, namely a wide
range of optical transmission (0.6-15 um) [12],
photosensitivity [6] nonlinear optical [10], mag-
netic [13] or piezoelectric properties [14].

As the efficient way to adjust the prop-
erties of the single crystal AgGaGe;Seg, in
[15] was carried out doping rare-earth ele-
ments. Observed changes the electrical and
optical properties of the single crystal by
doping indicates the possibility tuning prin-
cipal material constants of the single crys-
tal AgGaGesSeg by adding impurities.

In present article we extend more detailed
study of the possibility adapting single crystal
properties to desired requirements by investi-
gate the influence of cationic substitution on
the structural properties and the features of
the electron spectrum. We report cationic sub-
stitution of the elements belong to first —
(Ag—Cu), third (Ga-In), and fourth (Ge-Sn)
groups of the periodic system. To be able clearly
observe the effects of various substitutions on
the virgin crystal properties was conducted re-
placing at 5 mol. % one element by another.

2. Experimental

Measurements of the photoconductivity
kinetics were performed using electrometer
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Fig. 1. Kinetics of photoconductivity relaxa-
tion (b) for monocrystalline solid solution
Ag 95CUg 05GaGe,;Seg at T' = 240 K, when the
pulse of light had rectangular shape (a).

Keithley 6514. The speed of the signal regis-
tration was 500 measurements/sec. Tempera-
ture dependent studies were conducted in ni-
trogen cryostat with adjustable temperature
in the temperature range of 77-300 K. The
temperature dependences were made in the
thermostat Utrecs K 41-3, with accuracy
10.1 K. Excitation of impurities to have op-
portunity observe the conductivity was cre-
ated using a laser with a wavelength of
808 nm, with adjustable output power. Meas-
urements of second harmonic generation were
performed using powder method and
1064 nm laser in pulsed mode. To study the
properties of absorption spectra in IR spectral
range was used spectrometer Spectrum
Two™ FTIR Spectrometer (PerkinElmer).

3. Results and discussion

All investigated compounds, like the in-
itial one, are strongly compensated semicon-
ductors with p-type conductivity.

By irradiate of the sample pulse of rec-
tangular shape, as shown in Fig. la, satu-
rated photoconductivity wvalue is not
achieved immediately saturated value, but
only after a certain time after the lighting
switch on (Fig. 1b). Upon termination light-
ing non-equilibrium conductivity also not
disappear immediately, but after some time.

Generally, photo conductance stable
wavelength depends on the intensity of inei-
dent like the light, and is described by the
formula [16]:

~ 1Y, (1)

where ©,,,, — maximal (saturated) conductiv-
ity; I is the intensity of the incident light.
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Fig. 2. The influence of intensity the incident light on the kinetics of relaxation (a), the maximum
value of the conductivity (b) for the measured crystals at room temperature.
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Fig. 8. Temperature dependences of relaxation kinetics for crystals (a) Aggqs5Cugo5GaGe;Seg (b)

AgGay g5Ing 5Ge3Seq and (c) AgGaGe, g5SN 155€5.

When b =1 in Eq. (1) photo-resistive effect
referred to as linear, and b <1 — as sublinear.

Figure 2 presents the kinetics of relaxa-
tion under the irradiation by the different
intensities of the incident light. As can be
seen from Fig. 2b, the 6,,,, (saturated pho-
toconductivity) almost linearly increases
along with the intensity of incident light,
that corresponds to a linear photo-resistive
effect. Similar dependences were obtained
for other studied samples.

Figure 3 presents the relaxation kinetics
for crystals (a) Ago_95CUO_05GaGe3ses, (b)
AgGao_95|n0_05Gesse8 and (c) AgGaGe2_858n0_15868.
From the shape of the curves, we can con-
clude that the kinetics of relaxation have
complex dependence and its source in long-
lasting effect.

Furthermore photoconductivity change
with the temperature and depends from sub-
stituting ion. Currently there are two mod-
els that describe the long-term processes of
relaxation kinetics [17], but separate par-
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ticular mechanisms that correspond to both
models seems quite a difficult task.

The long-term relaxation curves of which
presents processes of arise and vanish pho-
toconductivity may be estimated by the ex-
ponential formulas (2) and (3) [18]

AG = AGS,(I - e‘t/Tl), (2)

Ac = Acss,(e‘t/fz), 3

where T is the time of relaxation of no equi-
librium charge carriers.

It should be noted that the simultane-
ously occurrence the bulk relaxation kinet-
ies and surface relaxation, which under cer-
tain conditions can undergo into bulk re-
laxation [19]. But in the present study we
investigated specimens with a big thickness
and therefore this effect can be neglected, and
relaxation kinetics will be considered as the
relaxation inside the volume of the sample.

Due to the absorption spectrum from
[20] we decided to use the 808 wavelength
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Table. The value of relaxation kinetics times at different temperatures for crystals
Adg 95CUg g5GaGesSeq, AgGay 5lng g5GesSeg and AgGaGe, g5SN 55€4
Ag, 95CUg p5sGaGe;Seg AgGag g5Ing o5Ge;Seg AgGaGe, g5SN; 155€4

T, K Ty, S Ty, S Tg, S Ty, S Ty, S T3, § Ty, 8 Ty, S T3, S
240(245)| 37.84 20.95 40.07 - - - 52.05% | 85.788" | 65.05°

250 28.69 14.6 36.44 - - - 44.3 29.61 62.03
260(265)| 27.25 10.19 24.77 44.18% | 86.30" | 54.32° 27.01 19.56 32.26

270 25.22 8.4 20.46 33.93 28.77 43.44 18.63 13.38 19.63

280 23.4 5.89 14.81 21.47 18.98 25.92 16.85 9.81 16.99

290 21.84 8.77 10.16 13.42 13.22 19.93 15.86 7.14 15.93

—-Ln (1-Ac/c)

Ln (Ac/cgt)

t, s

Fig. 4. Kinetics of increase (a) and vanishing (b) doping-based kinetics in solid solution

AgGaGe, g5Sng 155€g.

of exciting light, which corresponds to im-
purities conductivity. In this regard, the
analysis is carried out with the use of long-
term relaxation model, defined by the admi-
ration of free charge carriers traps [21].
Fig. 4a represent the kinetics of growth of
conductivity for solid solution Ag-
GaGe2_858n0_15868. Similar growth curves
were obtained for the other investigated
crystals. As you can see from the figure, at
the initial phase the conductivity growth
deviates from the exponential dependence
that can be associated with low filling en-
ergy levels. After some time, set up the
balance between the V-zone and traps (7).
Further kinetics of conductivity growth is
connected with the generation of no equilib-
rium current carriers and includes recombi-
nation via the r and s centres, what caused
that in coordinates In(Ac/Acg) — ¢ is an al-
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most straight line, the slope of which deter-
mine time t;. The results of the computa-
tions of times 71, is represented in Table.
Great value for t; times indicate the in-
volvement of recombination barriers or
small levels of sticking in the relaxation
kinetics. Reduce the time of relaxation with
increasing temperature may be due to a de-

crease of the concentration V.
As we can see from Fig. 4b, after the

switch off lighting the kineties of relaxa-
tion in the coordinates ln(Ac/Acy) — ¢ may
be described at least by two contributions,
which corresponds to two levels of recombi-
nation and can be described by two inde-
pendent exponential fuctions (4)

Ao = Al(e_%z) + AZ(e_t/T3), (4)

Functional materials, 24, 4, 2017
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where the constants A; and A, almost equal
Acg;. The tangent angle of incline determine
values of times 15 and T3 which are collected
in the Table 1. In the presence of cen-
ters of binding relaxation kinetics time can
be described from the temperature depend-

ence [18]:
E; 5
_ Ztp (5)
T= ‘CP(I + B exp (kTD,
where T, — life time of free holes; Etp is

the distance from the taping structure level
to the top of valence band; B = N,/N is the
ratio of the concentration of binding centres
to an effective hole density of states in the
valence band.

Assuming that 7 > Ty which is a charac-

teristic for impurities conduction, we can
obtain the Eq. 6:

Ny Ep (6)
T= Tp NV exp (k—T}

Figure 5 presents the times of relaxation
kinetics vis temperature in the In(t)-1/T co-
ordinates. The dependences are located on
straight lines which the tangent of slope
give opportunity to determine the energy of
holes. The results of the evaluation of the
energy of hole traps are the following: 0.21,
0.26 and 0.22 eV for Ago_95CU0_05GaGe3ses,
AgGag g5lNg 05Ge3Seg and AgGaGe, g5Sng 155€eg
single solid solutions, respectively.

Fig. 6a presents the spectral dependence
of the absorption in the range 450-
1100 ecm™1 for the investigated crystals,
renormalized to the maximum value absorp-
tion of the Agg 95CuUg g5sGaGesSeg. As we can
see from the picture, the peaks of absorp-
tion for all the studied compounds are on
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Fig. 5. Temperature dependences of the re-
laxation times for the studied compounds.

the same wavelengths, no new peaks of ab-
sorption does not arise.

This behavior of the transmission curve
(6b) may be due to the presence of radiation
scattering centers.

Fig. 7a present dependence of the magni-
tude of the output signal second harmonic
generation (SHG) from the incident light
angle to surface of sample (investigation of
sample with Sn gave no results of SHG).
Further were carried out at SHG measure-
ments, at incident light angle which corre-
sponds to the maximum of output signal: 30
and 35 degrees for the crystal of Cu and In,
respectively. In Fig. 7b is represented the
dependence of the intensity the SHG signal
from power of incident light. As you can
see from the picture, according to crystals
with different composition have similar be-
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Fig. 6. The spectral dependences of the absorption coefficients for the (a) studied compounds and

(b) pure AgGaGe,Seq.
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Fig. 7. Angular dependences of the second harmonics generation intensity (a), power dependences

SHG (b) for investigated crystals.

havior of angle and power dependent SHG,
but differ in the values.

4. Conclusions

In present work we investigated kinetics
relaxation, TPA and SGH for set of doped
crystal AgGaGe;Seg, modified by cationic
substitution of the elements (Ag—Cu), (Ga—
In), and (Ge-8n):Aggg5CUg gsGatGe;Seg,
AgGag g5lng g5Ge3Seg and AgGaGe, gsSng 155€g.
Was shown the complex nature of the
curves of growth and disappearance photo-
conductivity. Large times t; indicate the
participation of recombination barriers or
small levels of adhesion in the relaxation of
photoconductivity. We calculated tempera-
ture dependent relaxation times for the
studied compounds, determined energy of
the traps, which are equal 0.21 eV, 0.26 eV
and 0.22 eV for crystals doped by Cu, In,
Sn, respectively. We also investigated the
spectral dependence of the coefficient of
transmittance in the wide spectral range 1-
25 um, and show the main differences be-
tween the pure single crystal and based on
it solid solutions. The resulting behavior of
the transmission curve can be due to the
presence of scattering centers. We pre-
sented results of the angular and energy
dependence of generation of the second har-
monic in the investigated compounds.
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