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Plastic deformation at high temperatures of pure and Mn-doped GaSb
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In this work the plastic behavior of GaSb and Mn-doped GaSb at high temperature has been

analyzed. Several experiments at different constant load and temperatures around 500 °C were
carried out. The parameters used in the Haasen model have been obtained experimentally and
compared with the ones obtained from simulations. 2@01 American Institute of Physics.
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I. INTRODUCTION been conducted in order to obtain the Haasen parameters for
the case of pure and Mn-doped GaSb.
The narrow-band-gap IlI-V semiconductors are promis-
ing materials regarding the development of high quality op-|. THEORY
tical modulators and heterostructure lasers, which can oper-

ate in the midinfrared2—5 um) region!® Microwave and The Haasen model is the most successful model regard-

optical devices have been developgediin this sense, GaSb ing the plastic deformation at high temperature in tetrahe-
is one of the most important IV semiconductor com- drally coordinated semiconductdrsThis model is based on
H;Je Orowan equatiotf, which relates the macroscopic defor-

pounds because a wide range of electronic and electro-opt tion to the mi : ated with the di
devices are based on this material including resonant tunnefation to the MICroscopic processes associated wi & dis-

ing devices, mid infrared lasefs and photodiode$,long location movement and generation.

wavelength infrared detectofs,and thermophotovoltaic The Haasen model is represented mathematically by the
cells? following equations:

Mn occupies an important role as a dopant in GaSb. It .
offers an opportunity to study chemical trends related to the i bNBe &KT(7—AYN)™, (1a

interaction between carriers and magnetic spins in a different

host without the need of additional doping because of the dN

shallow acceptor levels of Mn in Ga$h:!? T KNBye & T(r—AJN)™ 2, (1b)
These features make it necessary to prepare homoge-

neous materials with low dislocation densities in order towheree is the strainN is the dislocation density is the

satisfy the requirements of the electronic and optoelectroniBurgers vectors is the applied stres<€ is the dislocation

industries. activation energyK is a constant taking into account dislo-
It is well known that, during the growth process, thermal cation multiplication,k is the Boltzman constanf is the

stresses can induce the generation and propagation of dislitmperatureA is a constant which is associated with the

cations, which are directly related to the plastic deformatiorflislocations microstructure of the materiai, is the stress

of the material. The quantitative knowledge of deformation€xPonent which lies in the range between 1 and 2.5 for tet-

phenomena gives insight about the optimal conditions undeidhedrally coordinated semiconductors, &is a constant

which GaSb crystals can be grown with low dislocation den-elated to the dislocation velocity.

sities. For this purpose it is very useful to use the Haasen

model® which explains the plastic deformation in tetrahe- ll. EXPERIMENTAL DETAILS

drally coordinated semiconductors s_uch as GaSb. This model |4 order to carry out the deformation experiments, two

depends on sgveral parameters, which still are not known f°[5ure and Mn-doped GaSb ingots were grown by the Bridg-

several 'materlals. The knowledge of these par_ametgrs [han method. High purity Ga and SB9.9999% and Mn

needed in order to carry out full growth process simulationggg 9oy were used as starting materials. These two ingots

from which the conditions for lowering the dislocation den- ;e 60 mm long, 12 mm in diameter, and 40 g in weight.

sity may be obtained. Two single crystals with prismatic geometry were cut

In this work, several uniaxial deformation experiments atg.o 1 the ingots. The dimensions of the samples were 4.4
constant load, for different stresses and temperatures, hav@sy 3 mn# for pure GaSb and 543x3 mn? for

Mn-doped GaSb. The total Mn concentration in this case was
dElectronic mail: jl.plaza@uam.es obtained by means of atomic absorption analysis and found
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sion experiments at high temperature for pure GaSb. The dots include the
FIG. 1. Schematic of the system used for the measurements of compressi@fror margins.
at high temperature.

resentation allows us to know when the stationary state is
to be 1.8<10™ cm2. In order to reveal the dislocation den- reached and if any irregularity in plastic flow occurs.
sity, the samples were mechanically polished with 5 and 1 At high temperatures the strain is characterized by a sta-
um alumina powder and chemically etched with tionary state where the strain rate is kept constant. Because

HNO;: HF: CH;COOH: H,0 (5:3:3:1). The etching pro- these experiments are carried out at constant compression
cess revealed a dislocation pit density of Ton 3. load, the strain rate at the stationary state decays linearly
The compression faces of the samples were oriented b\ylth time. This behavior is due to the fact that the sample
Laue back-reflection X-ray techniqu¥scut with a diamond ~ Cross section increases and therefore the stress decreases.
saw, and polished successively with 5 anguh alumina  This typical behavior is described in Fig. 2.
powders to remove the damage generated during cutting. The We have applied the Haasen model given by Ega)
orientation chosen for the compression samples [ias$]. and(1b) to the stationary state in different uniaxial compres-
The 5amp|e5 were mounted in a Compression apparatlﬁ,on experiments at constant load for different temperatures
which allows the execution of experiments at high temperaand stresses. The special software developed by our group
ture. A schematic of this system is shown in Fig. 1. can simulate the evolution as a function of time, of strain,
The experiments were carried out for compression agnd of dislocation density by solving numerically the Egs.
constant load at temperatures around 50@0Q Ty,) in an  (1). This makes it necessary to express the experimental
inert Ar atmosphere containing 100 ppM of oxygen. Thepoints as deformation versus time instead of strain rate ver-
stress is transmitted to the sample through a mobile pistorgus strain. .
which is placed below the sample. The sample is deformed In order to solve Eqsi1), each strain run has been con-
and the mobile piston moves upwards pushing a piezoelegidered as independent from the previous ones. In this case,
tric transducer, which is connected to a displacement medWo parameters are required; the initial strain and the initial
suring apparatus. The whole systdpistons, sample, and density of dislocations. The former is obtained from the final
alumina hermetic tubes located inside a high temperature
furnace, which, for sake of simplicity, is not shown in Fig. 1.

The temperature is controlled by a thermocouftd °C). 10 7
8 — s
IV. RESULTS AND DISCUSSION (g)
The samples were deformed in compression at constanq;;E 6 1 f )
load and the collected data fad versus t are plotted as in d (e)
versuse, wheree =[In(l/ly)] with £ the strain rate. This rep- E 4 © 63
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(d) 31.0 MPa, 500 °C(e) 37.4 MPa, 500 °C(f) 37.4 MPa, 535 °C(g) 37.4
FIG. 2. Typical behavior of a strain curve at high temperature at constanMPa, 500 °C; andh) 43.8 MPa, 500 °C. The open circles include the error
stress. margins.
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TABLE I. Initial input parameters used to carry out the simulations based in 16

§ T I T I T I T I T I T g

the Haasen model. F 500C  535°C 500°C  535°C  500°C E

[ o* . +—> 4+—> N

Burgers vector 4.3107%m - 1°E % 4

Hardening constan 3.1 N/m s E . . 3

Stress exponenn 2.2 u : \.\ e ]

ParameteB, 2.5X10° %0 seg?m YK g2 = 10° -

Activation energyE 1.6 eV g E 3

Initial deformation 0 = 2 J :
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mentally meaSL_”ed' Be_ca_use th? latter is dlfflcu_lt to k_nOWFIG. 5. Experimental results of the strain rate vs strain, from the compres-
from the experiments, it is obtained from the simulationSsion experiments at high temperature for Mn-doped GaSb. The experimental
given by the final value presented by the evolution of thepoints include the error margins.

dislocation density with time in the previous run. Although

this value is d!fflcult to compare with the real ones, it is tgl points associated with the transient state. The basic input
taken to be satisfactory because of the reasonable results ob-

tained, as it will be shown. However, the initial dislocation parameters used for these simulations are given in Table I.
densit;/ was measured prévious o tr,1e start of the compreThese initial trial values for the known parameters have been

. ; — Yaken from the literatur®
sion experiments. We found 3@m™2 for both samples. .
. ) ; The Haasen parameters for pure GaSbh, obtained from
Different compression runs have been carried out fo

the fit of these simulations to the experimental results, are
stresses ranging from 18 to 43.8 MPa and for temperatures b '

between 500 and 535°C on pure and Mn-doped Gasgiven in Table Il. We notice thaF the values obtained in this
work are in good agreement with those reported previously

samples. During each routine both the temperature and théand shown in Table ¥ To our knowledge, the parametés
applied stress were kept constant. . . ) S

that is related to the dislocation multiplication, was
A. Pure GaSb unknown®® It is interesting that the value fdk presented
mere for GaSb and obtained from the best fit is of the same
Qrder of magnitude as the one related to GaAs, being 8.8

1075 m/N 1516

In this case, eight different consecutive compressio
runs were carried out. The samples were deformed until a
celeration in the strain rate was observed as shown in Fig. §<
indicating that another mechanism starts to be activated. The
straight lines indicate the stationary state for different rou-B: GaSb:Mn
tines. It is clear that only a few points depart from the sta-  The experimental results in terms of strain rate vs strain
tionary state. It can also be seen that the slope progressivefgr Mn-doped GaSbh are shown in Fig. 5. In this case, the
increases in the stationary state with increasing stress. Thidope of the straight line, which represents the stationary
could be due to the hardening of the material as a consestate, remains almost constant for the different runs. It must
quence of the increasing dislocation densft¥his behavior be pointed out that the maximum stress is lower than in the
is taken into account by the terf/ N in the Haasen model
[Egs.(1)] and known as a backstress teffinother indica-
tion of this hardenning effect is that the slope of the curves at
the stationary state is around 15 higher than the stress expc 1 fa/rgi)’_r_—c_’ﬂ
nent of the Haasen modéround 2.5 as it will be shown 6 - o
later). Normally this slope coincides with the stress expo- &
nent. This discrepancy is a clear indication of the hardening®
effect due to the accumulation of dislocations.

These experimental results have been plotted as strain v
time and simulated by using our software based on the
Haasen model. These results and the numerical simulation
are shown in Fig. 4. Good agreement is obtained between th ] (b
experimental points and the simulations. The largest depar
tures from the simulations are coming from those experimen-
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TABLE Il. Haasen parameters for pure GaSb. TIME (x10° sec)
Multiplication FIG. 6. Experimentalpoints and simulatedcontinuous linesresults of the
constant,K  Stress exponent,Activation energy Hardening constant Strain vs time for Mn-doped GaSb single crystals at different stresses and
(mIN) m E (eV) A (N/m) temperaturesa) 24.0 MPa, 500 °C(b) 24.0 MPa, 535 °C(c) 24.0 MPa,
500 °C;(d) 28.8 MPa, 500 °C(e) 28.8 MPa, 535 °C(f) 28.8 MPa, 500 °C;
3.8x10°° 2.70 2.8 8.5 and(g) 36.0 MPa, 500 °C. The experimental points include the error mar-

gins. The open circles include the error margins.
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TABLE Ill. Haasen parameters for Mn-doped GaSb. vided the values of the Haasen parameters. These parameters
Muttiplication vv_iII be gseful_for the simulation of generation anq motion of
constant,K  Stress exponent, Activation energy Hardening constant ~ dislocations induced by thermal stresses during the real
(m/IN) m E (eV) A (N/m) growth process.
The good agreement between the experiments and the
theory validate the Haasen model for the proper description
of plastic deformation in GaSb.

6.5x10° 2.6 2.6 5.9

case for pure GaSM3.8 MPa. This could be the reason
why no variations in the slope at the stationary state werdCKNOWLEDGMENT
observed in the case of Mn-doped GaSb.
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