Chapter 3. Electrical and Optical Characteristics of GaSb

3.1 Introduction

The Hall effect, in particular, has formed one of the essential characterization techniques
throughout the history of semiconductor development and this seems likely to continue for the
foreseeable future. The reason is that, for an extrinsic semiconductor, it gives a direct measure of
free carrier type and concentration which, when combined with a resistivity measurement on the
same sample, also yields a value for the appropriate carrier mobility. Knowledge of thé electron
or hole mobility provides an immediate indication of material quality but, more specifically,
experimental data on Hall effect and resistivity over a wide temperature range (4-300 K) can be
analyzed to give information concerning impurities, imperfections, uniformity, scatting
mechanisms, etc. which is not available from any other single technique. Though special samples
are required, they are not difficult to prepare and the measurements make only modest demands
on experimental equipment.

Many properties of semiconductors that relate directly to impurities or defects can be assessed
by electrical measurements. Such measurements include current-voltage, capacitance-voltage,
magnetoresistance, and impedance measurements. Measuring the electrical conductivity of
semiconductors as a function of temperature, the intrinsic and extrinsic ranges can be observed.
In the intrinsic range ( high temperature), the temperature dependence of the conductivity is
characteristic of the material itself, in the extrinsic range the density of free carriers is controlled
very sensitively by defects or impurities. So this measurement may use to characterize the

properties of defects and impurities.
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3.2 Experimental details

Hall measurement were done on undoped and Te doped GaSb epilayer grown on SI-GaAs
substrates, substrate temperature is measured by a thermocouple calibrated from the GaAs oxide
removal temperature (590 °C). GaSb was grown with substrate temperature in the range
460-530°C. Sb,:Ga beam equivalent pressure ratio was selected around 6. A GaSb growth rate
of 1 pm/h was used, and all samples with a 3 pum epilayer. We used the Van der Pauw géometry
with four In dots alloyed at the corners of the sample as described earlier. The measurements
were done over arange of temperaturé 4.2-400 K by using the liquid He cryostat. The samples
was mounted with vacuum grease on the mica sheet placed on the sample holder for electrical
insulation. The Ohmic contacts for four points were bonded Au wire to the pads which were

connected through leads to a combination selector.

3.3 Theoretical analysis

3-3.1 Solution of the equations of motion

In practice we are always concerned with a distribution of carrier under the influence of both

“electric and magnetic fields so we now consider the full equation of motion appropriate to the

situation illustrated in Fig. 3-1. We treat the flow of a positive hole current along the positive
direction of z and we assume bands with spherical constant energy surfaces. Writing expressions

for the component forces acting on the holes in the z and y directions results in:

. . e eB e
’UZ=F;/m =——*Ez— f y "

m m m

E -wv, (3.3-1)
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where @, is the cyclotron frequency. We wish to solve these equation for the drift velocities v,
and v, so as to obtain expressions for the longitudinal and transverse currents J, and J,. We
assume, for the moment, that scattering is independent of carrier energy, though, because of the
random nature of the scattering process, it is necessary to take an average over the individual

collision times. The solution was gives by’

2 2.2

_pet| T 0T
J, = - {Hw 2 E, - T+ 020 Ey} (3.3-3)
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Fig. 3-1 Schematical diagram to illustrate the Hall effect on

semiconductor sample in the form of a '""Hall bar".
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3-3.2 Energy-dependent relaxation time

Accurate interpretation of electrical transport measurement requires one to take account of the
energy distribution of free carriers. This arises essentially because the relaxation time 7 is
generally not constant, as assumed above, but depends on carrier energy E. Therefore, in writing
expressions for mobility, conductivity and Hall coefficient one must take account of this energy
dependence by averaging over all electron energies. What this implies in practice can be seen by

returning to Equations (3.3-3) and (3.3-4) which must now be written:’

2 2.2
_ pe T _ o T
Jo=" {<1 = >E <-——1 e >Ey} (3.3-5)

=0k, + O'zyEy

2 ' 2,2 |
_ pe T _ . T
J, = " {<1+(0 2,L.2>Ey <1+(1)02T2>Ez} (3.3-6)

=0,k +0,E

where the bracket < ) implies an average over carrier energy which we define below

i.e., for some function f{ 7)

= 3/2 g_
[ f)E 5 dE

(f(z)) =

[ I 5 (3.3-7)
o7 OE

Here we have extended the upper integration limit to infinite, since (8f /OE ) fall off well before

the band maximum in all practical case. Note that df /JE can be written as -f{1-f)/kT, since
f=1[L+exp(E-E,)/KT] (3.3-8)

For nondegenerate electrons (Boltzman statistics), df /0E = (kT)” exp(E — E, )/kT
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since €xp(E, — E)/kT >> 1. For degenerate electrons (Fermi-Dirac statistics), on other hand,

and f{1-f) is a sharply peaked function, having a value of unity at £ = E_, and zero otherwise,
like 5(E - FE F). Thus, for degenerate electrons <f(T )> =f (T (E F )), and for nondegenerate,

(f(t)) becomes'

J‘: f(,L.)Es/ze—E/krdE

(f(z))= [ 57 dE (3.3-9)
0

To obtain general expressions for J, from these equation is unduly complicated but we can
easily deal with the special cases of low and high magnetic fields. It is easy to see, for example,

that when @’7? << 1 and J, = 0 the conductivity o is given by

2
4
o=£(1) (3.3-10)
m

whereas in high field when @>7° >> 1.

2
o =2 (1) (3.3-11)
m

Of more immediate interest is the Hall scattering factor r; which can be obtained from

Equations(3.3-5),(3.3-6), (3.3-10) and (3.3-11):

TZ
1+ w1’
, o=

H 2 2 2
T PRy (3.3-12)
1+ w7’ “\+ w7’

At high magnetic field where W,f’t:2 >>1 it is easy to see that. r,=1. At low fields where

0)627,'2 << ] we obtain:

r, = <12>/<T>2 (3.3-13)

Finally, for a degenerate electron (or hole) gas, T=7 (E;)=constant, so far this case too, r,=1.
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For several scattering processes it is possible to write, at least approximately, 7= aE "’ where a

and o are constant. In such a case, <f(’l' )) is straightforward to perform the averaging in terms

of the gamma function I'(p):

['(p)= f:xp“le'xdx

(3.3-14)

and has the property I'(p+1)=pI'(p), for any value of p; I'(p)=(p-1)!, if p is an integer; and

I'(1/2)=r'". Thus, the commonly encountered function (7) and (T 2) become

J‘“’ TE3/26_E/deE J“"’ aE3/2—se—E/deE
(=t =
J’ E3/2 e—E/kT J’ E3/2 e—E/kT

T(5/2-s)
I(5/2)

=a(kT)™

J‘: TzEs/ze-E/deE J‘O°° aES/Z—se—E/deE

(")

 y3/2 —E/KT ® y23/2 —E/kT
[ B B

L T(5/2 = 25)

=@ (D) " =55

Using these equations for r,; we then have:

__{7")_T(5/2-29)
) [DGE2-s)

(3.3-15)

(3.3-16)

(3.3-17)

As an example, consider acoustic-mode deformation- potential scattering, for which s=1/2;

then r,,=31/8=1.18. The largest possible value of r,, would occur for ionized-impurity scattering,

for which s=3/2; in that case, r, =315n/512. In practice, howéver, there is always a mixture of

scattering mechanisms, and r, is almost much less than 1.93 for single-band transport.
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3-3.3 Two-band transport

The transport properties of holes in semiconductors are of great interest from both physics and
device points of view.® The presence of two interacting bands (heavy holes and light holes) of
carriers introduces considerable complications into any calculation of holes mobility. The correct
way of handing this problem is by solving a set of coupled Boltzman equation.' The
consequences of two-band transport will be discussed in terms of simple models which have
been found to be usefﬁl and even accurate. The simplest models results from assuming that
heavy holes and light holes are decoupled, except for allowing interband transitions in the
determination of scattering rates. For heavy holes has higher state density than light holes, this
means, of course, that interband scattering will dominate for light holes, while intraband
scattering will dominate for heavy holes.

GaSb has special features of the conduction band structure, the lowest minimum in the
conduction band lies at the center of the Brillouin zone (I';), and that there further minima at the
(111) zone faces (I.,) at an energy about 85 meV above the I', minimum and at the (100) zone
faces (X,), 300 to 400 meV above the I', minimum. The small energy difference between the two
lowest minima and much higher density of states in the L, minima means that, around and above
room temperature, a signiﬁcant fraction of the electronic carriers will be in the L, valleys, with
the consequence that the analysis of any Hall data requires the use of a two-valley model.

In the effective-mass approximation, the two band parallel conductivity currents are given by’

j.=0.E +0,E, (3.3-18)

J.=0E +0_E, (3.3-19)
Jo.=0,,E +0, E, (3.3-20)
Jox =00 E, + 0, E, (3.3-21)
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Where

2 : .
0, =0y, = I;’: <1+;:12112> (3.3-22)
2 2
0, =0, = l:;: <1+w£:12112> - (3.3-23)
_ . _De 7,
0,,. =0, = — <1 " w622T22> (3.3-24)
_ _pe] 0,7\
0,, =—0,.,= mz* <1+w022722 > | (3.3-25)

Here @, ,=eB/m . and a)cz=eB/m2*, where e is the electronic charge, positive quantity, and m,

mz* are the effective mass of the two band. The total current is simply the sum of the currents in

the individual bands:
j.=j,+J,=—(0,,+0,)E +(o,+0,)E, (3.3-26)
1 jz = jlz + j22 = (O-lzz + GZu)Ez + (O-IZX + O—ZU )Ex : (33-27)

where, in Eqs. (3.3-22), (3.3-23) and (3.3-24) the symmetry relationships among the various

o, are used. Again, the boundary condition for the Hall effect experiment is j,=0, giving

— O-lzx + 0-221

E =—5—== -
x o, +0, (3.3-28)

so that, from Egs. (3.3-27), (3.3-28) and the definition of o and Ry,

\ 2

J. (o,+0,,) +(0,+0,,)
="z 1zz 2zz lzx 2zx
O- - Ez (o-lzz + GZZZ) (33_29)
— Ex 1 (O-lzx + O-Zz,t)
R, == (3.3-30)

sz - E (O-lzz + 0-211)2 + (O-lzr + O-Zz;c)2

We consider low magnetic field cof’L'2 << 1, then Egs.(3.3-22)-(3.3-15) yield
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0. = pe’(T,)/m’ =epp, (3.3-31)
0, =(pe’/m’)eB/m)(1’)=epr,B (3.3-32)
0. = €P,H, (3.3-33)

o, =ep,I,’r,B (3.3-34)

where r, are Hall factor. However, there are also contributions to the Hall factors due to

anisotropy; these have been found to be 7,=0.998 and r,,=0.663 for GaSb.’ Then Hall factors:

n=r ey (3.3-35)

Also, the hole concentrations in each band are approximately given by:
372

p = P/ [1 +(m, /m,) ] (3.3-36)

P,=P— D (3.3-37)

The conductivity and Hall coefficient now become

o, =e(p i, +p,it,)=0, +0, (3.3-38)

_npM+np i’ 6’R +0,R,
- 2 = 2
e(pit, +p,1t,) (0,+0,)

R, (3.3-39)
where 0,=ep, i, G,=ep,jL,, R,=r,Ip,e, R,=r,/p,e. Hall factor r, and Hall mobility 1,,, become®

r, =epR

1+a3/2 ra3/2 2+
_( )(ra*B

(1+ 0™ B)

)

Ny

(3.3-40)

Uy =Ro

e rA1<’L'12>+0£”2rA2<1'22>
T (o) (ze” o

1
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_en)

where & =m, /m,, B= M, /1,, U, =——". The subscript 1 always refers to heavy and the
. m

i

subscript 2 to light holes.

3-3.4 Scattering theory

In semiconductors electrons or holes migrate through the crystal with properties determined
principally by crystal lattice periodic potential and ionized impurity.
It is known that in the Born approximation the scattering probability per unit time s(K) of an

electron under the effect of a disturbance can be written as’

5,00 = 2 -1 G(l K )3(B, - ;) (3.3-42)
with
Glkk)= % > @ (r)drr (3.3-43)

where the sum is over spin states, I(k '-k) is the (k'-k)-th Fourier coefficient of the perturbing
Hamiltonian H', k' and k are the electrons wave vectors at the initial and final sates respectively.
G(k,k") is computed over the Wigner-Seitz cell, and accounts for the overlap between the
periodic parts u(r) of the wave functions in the mixing of initial and final Bloch states.

The overlap integral given in (2) depends upon the symmetry properties of the initial and final
state wave functions. For electrons, the wave function exhibiting spherical symmetry, the
overlap integral is near unity, and this fact reduce the complexity of scattering terms. For holes,
the situation is not as simple, and the valence band wave functions for cubic structures exhibit a

nonspherical symmetry, mostly p-like at the top of band. The overlap integral are dependent on k

-136-



and ©, the angle between k and k'. Wiley® had carried out calculations on G(k,k") II-V
compounds using the wave functions of Kane.” He shown that the overlap functions were not
strong functions of k, and can be well approximated_by their values at k=0. In that case

G, =G, =3(1-cos’®)/4 (3.3-44)

G

h—h Il

=G,,, =(1+3co0s’®)/4 (3.3-45)

3-3.5 Scattering Mechanism

a) Acoustic-mode deformation-potential scattering
The changes in laftice-atom positions due to acoustic-mode lattice vibrations produce a

potential that scatters carriers. The scattering rate is*

E’k;Tm; ¢ G(y)
ey k], =5y (3.3-46)

where E,| is the deformation-potential constant, p is the mass density of the material, s is the

acoustic velocity.

b) Polar optical-mode scattering

The optical-mode lattice vibrations produce a polgn*ization of the ionic charges on neighboring
atoms, leading to dipole moments that can iﬁteract with the free holes. this is most important
scattering mechanism for electrons at room temperature, and is also relatively strong for holes.
The scattering rate is*

e’mi 1 1)1 1_1
f~"po T

sp=——t ) ——— S Y k| = F =

T amep® \e. e, )k & “( ) 2)

[
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" G(y)
: [1=2(k, /)y + (k. /k)’ I’

(3.3-47)

where n,, = 1/ [exp(h o,/ kT) - 1] and &, is the high frequency dielectric constant. Here, @,,
the longitudinal optical phonon angular frequency. The wave vectors k, correspond to energies

Etho,, , respectively.

po ?

c) Nonpolar optical-mode scattering

The following scattering rate for holes by the nonpolar optical-phonon mechanism was derived

by D. C. Look et al. A

Df(m;” N 1/2 1_1\¢
St =m;(E_hwpo)‘ h, +'§'+5 J_IG()’)dy (33-48)

where D, is the optical coupling constant, p is the mass density of the material.

d) Piezoelectric scattering

The acoustic-mode lattice vibrations produce a potential due to the partial ionization of the

atoms in crystals without inversion symmetry. The piezoelectric-potential scattering rate is'

3 eZh;szTm; Jl G(y)dy
-1 2

5% = 2mphs ek, (3.3-49)

with the piezoelectric constant 7, ,
3-3.6 Scattering relaxation times
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The material parameters are shown in Table I.'' The relaxation times for various scattering
processes can be calculated using above described equations. These values 7,,(from heavy to
light hole band), 7,, (from heavy to heavy hole band), 7,, (from light to heavy hole band), 7,,

(from light to light hole band) are shown in Fig. 3-2 ~ Fig.3-5.

3-3.7 Mobility and Hall factor

A quantitative analysis of the scattering rates for the various lattice scattering processes allows
us to compute a drift mobility without scattering by ionized impuritiesT The correct averaging
over the energy is often neglected and substituted by the so called Matthiessen's rule. This
approximation is only valid if all relaxation time are independent of the energy or if they would
have the same energy dependence. | |

The energy-averaged values of the relaxation times <”L’ ,> and <T 2) and of the squares of the
relaxation times <T ,2 > and <T 22> in both hole bands are needed for the determination of the Hall

factor r, and r,. The averaging various scattering processes in the two hole band was performed

according to

<T>=_4___J'°°( N T—l)_lie—mkﬂdE |

i 371_1/2 0 pr k (kBT)S/Z (33-50)
4 fe NP OB ]

(T.-2>=§77L (kzl’fkl) We THTdE (3.3-51)

where 7, =5, +S§.
The temperature dependence of the Hall factors and Hall mobility for the different phonon

scattering processes are shown in Fig. 3-6 ~ Fig. 3-7. If we know the single lattice scattering
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rates, we can calculate the lattice drift mobility and Hall factor, the lattice Hall mobility and Hall

factor as functions of temperature are shown in Fig. 3-8. -

3-3.8 Ionized impurities scattering 'processes

The ionized impurity scattering rate for holes can be readily obtained by considering impurity

centers with a screened Coulomb potential is given by

_NVi2m & GONi-y) _E k'
=515 83K2~[|k—k'|2+/l;§]2 =

(3.3-52)
dk = k'sin0d@d¢dk

k—k| =k +k* - 2Kk cos6

The integration over ¢ gives a factor 27, and the & (EK -E. ) implies that
hzk; /2m; =h’k} /2m;

ki/kl=m,/m;

Sy = N"e4m;kf : (1= y)G(y) 7dy
i 2£37,4 J_
271«'8 h ki l[1+m;/m:_Z(m;/m:)llzy.}-aD—zki—Z]

(3.3-33)

~ The lattice mobility has been calculated in the previous section. The concentration of ionized
acceptor N, is given in follbwing relation: N, = p(T)+ N;. The donor impurities are all
ionized (N}, = N,). Therefore, the concentration of ionized impurities is:
N; =p(T)+2N, (3.3-54)
The contribution of the scattering by ionized impurities into the calculation of effective Hall
factor and Hall mobility may be important in the case of undoped GaSb for very wide
temperature region, which has a very high unintentidnal hole concen’trationb groWn by all well

known growth technique. The determination of the ionized impurity scattering rate is possible if
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we know the concentrations of acceptor and donor, and the activation energy of acceptor. The
results of temperature dependence of Hall mobility for different acceptor concentrations are
shown in Fig. 3-9.

According to above calculation, it is clearly seeﬁ that tﬁe inclusion of scattering by ionized
impurities is important fqr effective Hall factor and mobility in the case of small hole
concentration at low temperatures, and even at high temperature in the case of higher
concentrations. In principle, the determination of the ionized impurity scattering rate is possible if
the curve of p, vs. temperature allows a reliable determination of N, and N,. However, the
parameters N, and N, fitted simply from the P (T) curve are usual uncertainties, since the
effective Hall factor is large and strongly temperature dependent, in addition, the compensation
also affect the fitting results. Therefore, an iterative fitting of these parameters is necessary. Such
an analysis will be impossible if N, and N, cannot be determined reiiably as in the case of
impurity band conduction. |

The commonly made assumption that r,, =1 may often lead to an error of 25% or more in
carrier density, an error which can be very much reduced by using the knowledge of r,, now
available to us. We first consider value of r, calculated in the energy independent relaxation
approximation for a number of scattering processes, and heavy and light holes are decoupled. In
this case, the scattering by deformation potential of optical and aboustic phonons results the Hall
factor n,=1.9. And r;=4.7 are obtained for polar optical phonon scattering. For scattering by
ionized impurities, rn=1.1 is obtained. The scattering mechanisms mix in real cases and,
therefore, the resulting effective Hall factor may be expected to be in the range between 1.9 and
4.7, depending on the relative contributions of the scattering mechanisms. In the high purity
materials, scattering by ionized impurities is negligible at room temperature. In the materials of
high carrier concentration, scattering by ionized impurities is dominant at large temperature
range. The total Hall mobility and the contributions of different scattering mechanisms as a

function of temperature are shown in Fig. 3-10.
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Table I GaSb physical parameters for the calculation.

Heavy hole effective mass

Light hole effective mass

Average sound velocity

Optical deformation potential
Acoutical deformation potential
Density

Static dielectric constant
High-frequency dielectric constant
Optical phonon energy
Piezoelectric constant

I

al

I a2

0.28 m,
0.05 m,
3.24x10° cm/s
6eV

4 eV

5.614 glem’
(15.0)¢,
(13.8)¢,
29.9 meV
0.13 C/m’
0.638
0.998°

taken from ref. 11

? taken from ref. 5
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Fig. 3-2 Piezoelectric scattering relaxation times in dependence
on temperature.
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Fig. 3-3 Polar optical phonon scattering relaxation times in
dependence on temperature.

11-scattering from the heavy to heavy hole band, 21-scattering from the
light hole to heavy hole band, 12- scattering from the heavy to light hole
band, and 22-scattering from the light to light hole band.
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Fig. 3-4 Acoustic phonons scattering relaxation times in dependence

on temperature. o
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Fig. 3-5 Deformation potential scattering by optical phonon
relaxation times in dependence on temperature.

11-scattering from the heavy to heavy hole band, 21-scattering from the
light hole to heavy hole band, 12- scattering from the heavy to light hole
band, and 22-scattering from the light to light hole band.
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Fig. 3-6 The temperature dependence of the Hall factor for the
different phonon scattering processes (r,.=4.4 and r,e=0.906

for all temperatures).
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Fig. 3-7 The temperature dependence of the Hall mobility for the
different phonon scattering processes.

npo=deformation potential scattering by optical phonons, dp=deformation potential
scattering by acoustic phonons, pop=polar optical phonon scattering, pe=piezoelectric
scattering.
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Fig. 3-8 The lattice Hall mobility and Hall factor as functions
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Fig. 3-11 The temperature dependence of Hall factor and mobility for
different accepor concentrations
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Fig. 3-10 The total Hall mobility and the contributions of different
scattering mechanisms as a function of temperature.
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3.4. Electrical transport properties of GaSb grown by molecular beam

epitaxy
3-4.1. Introduction

In recent years, there has been an increasing interest in GaSb and antimonide based ternary and
quaternary compounds because they all have relatively narrow bands, which make them promising
materials for photodetectors and medium infrared wavelength range (2-5 um) lasers.'” Despite
many years of investigations related to Sb-based optoelectronic devices, > some problems regarding
the growth of device-quality epilayer still persist. The most important one is high unintentionally
doped GaSb carrier concentration,; it is observed that hole concentration of the order of 10'” cm™ is
generated in GaSb film grown by standard epitaxal techniques.'” '* It has been found that the
optical and electrical properties of GaSb are strongly dependent on the growth conditions. Johnson
et al."” found that molecular beam‘epitaxy (MBE)-grown GaSb epilayers, with the lowest residual
acceptor concentrations, do not display the highest hole mobility. This indicates that the transport
properties are seriously affected by the compensation effect in undoped p-GaSb. But they did not
| give a detailed study related to the compensated acceptor. In this paper we report a comprehensive
analysis and results of transport properties of undoped p-type GaSb grown by MBE. Earlier
works have mainly concentrated on n-type GaSb, because of its special conduction band

417 Recently, Dutta et al."® studied the hole transport properties of undoped GaSb and

structure.
GaSb with various degree of tellurium compensation, using Hall measurements. They used the

activation energies obtained from PL analysis for determination of concentrations of acceptors and

donors. However, it is well known that there are some differences between thermal activation
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energy and optical activation energy from as observed PL measurements, ~ and also there are many
other unknown fitting parameters which may compensate to each other, leading to some

uncertainties in the results obtained by the above method. Therefore, a standard theoretical analysis
of Hall data is carried out to study the electrical transport properties of MBE-grown GaSb and the

details are described in the subsequent sections.

3-4.2. Experiment

In GaSb epitaxial layer grown on semi-insulating (SI) GaAs substrate by MBE, substrate
temperature is measured by a thermocouple calibrated using the GaAs oxide removal temperature
(590°C). GaSb was grown with a substrate temperature around 500°C. Sb,:Ga beam equivalent
pressure ratio was around 6. A GaSb growth rate of 1 um/h was used, and a 3 um epilayer was
formed on all samples.

Hall measurements wefe performed in the 20 to 340 K temperature range in an Oxford
Instruments continuous-flow liquid-helium cryostat using the dc van der Pauw technique. Ohmic

contacts on the samples were formed using sintered indium.

3-4.3. Theory

The free hole concentration p and mobility |1 of a p-type semiconductor is determined from the
‘measured Hall concentration p,; and Hall mobility i, using the following equations:
P="1,Py (3.4-1)

p=p,/r, (3.4-2)

where r,, the effective Hall factor, can be obtained using the relaxation time approximation4’ ¥
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and the theoretical Hall mobility is given by:* °

r (T )m) /m3)™" ()
(z,)+ (2, )m /m;) " G4

ry =

Hy =

Ep
*

where m," and m," are the heavy and light hole effective masses, respectively, r, and r, are
anisotropy factors which take into account the anisotropy of the two bands, <T : > and <T 2) are the
relaxation times and <’L' 12 >, <T 22 > are the squares of the relaxation times for heavy and light hole
bands, respectively. For the Hall mobility and effective Hall factor calculation, the acoustic-mode
deformation potential, acoustic-mode piezoelectric potential, optical-mode deformation potential,
optical-mode polar and ionized-impurity screening effects are included. These are similar to those
in refs. 4 and 6, but some corrections have been made and are shown in the Appendix. In Table I
the material parameters used in the calculation are listed.
For analyzing carrier-concentration vs. temperature data, we assume a nondegenerate

2922 and double acceptor” ">’ model proposed by previous

semiconductor. Both single acceptor
researchers. The double acceptor nature of the residual acceptor was first reported by Baxter et
al.,” and Nakashima®* reviewed all the previous (before 1980) experimental results and showed
that the reported ionization energies of such residual acceptors are concentrated around
0.025~0.035 eV and 0.06~0.120 eV respectively, related to the shallow and deep states of the
double acceptor. Recently, both single and separated two acceptor model were presented for
MBE-grown GaSb." *° The attempt to analyze the hole concentration with double-acceptor model
could not give unique solution. In order to avoid unknown fitting parameters compensate to each

other, single acceptor model was used in following analysis. The hole, acceptor and donor

concentrations ( p, N, and N,, respectively) and the activation energy E, of acceptor are related
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through the charge-neutrality condition.”

= __"exp —a

Na_Nd—p g kT

p(N,+p) N [E}
N Ar - (3.4-5)

where g (= 4) is the acceptor degeneracy factor and N, is the effective density of states in' the
valence band. The acceptor and donor concentration, N, and N, respectively, and activation
energy E may be determined by carrying out a theoretical fit to the experimental data.

In the case of GaSb, where the unintentionally doped hole concentration is of the order of 10"’
cm’>, large impurity conduction (also known as hopping conductivity) will occur for high impurity
concentration at low temperature. This obviously causes a difficulty in the analysis of the Hall

measurement data of such a material. Therefore, it is necessary to analyze the mobility versus

temperature data to determine N, .

3-4.4. Results and discussions

The Hall mobility of 3-pum-thick unintentionally doped p-type GaSb epilayers, grown at various
growth temperatures, is measured at both room temperature and 77 K. A plot of Hall mobility vs.
the growth temperature is shown in Fig. 3-11, which exhibits a strong dependence of Hall
mobility on the growth temperature. In this report, we will discuss the four samples grown at four
different temperatures of 450, 490, 500 and 530°C. Table II summarizes the carrier concentrations
and mobilities at both room temperature and 77 K for the GaSb samples, obtained from Hall
measurement data.

Figure 3-12 shows plots of the electrical conductivity vs. 1/T curves for the four samples
mentioned above. The impurity-band hopping conductivity is clearly observed for samples 3 and 4
in the low temperature region. The Hall carrier concentration vs. 1/T curves for samples 1, 2 and 3
~are shown in Fig. 3-13. For samples 1 and 2, which have higher mobility and are grown at

intermediate temperatures, there are two distinct regions in the concentration vs. 1/T curves with a
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Fig. 3-14 Electrical conductivity vs 1/T plot for samples 1, 2, 3 and 4.
(1: 500 °C; 2: 490°C; 3:450°C; 4: 530°C.)
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noticeable change in gradient (Fig. 3-13), and it is concluded that two separate activation centers
are responsible for these two regions. Equation (5) will be applied with different sets of parameters
for different temperature regions of the fitting. The model takes account of the temperature
dependence of the Hall factor which can introduce significant a error as pointed out by many

authors.®*’

The solid curves in Fig. 3-13 are the results of fitting, and show a good agreement
with the experimental data. Using the parameters obtained by fitting, the theoretical Hall mobility is
aléo calculated, and the calculated results are shown in Fig. 3-14. Here too a reasonably good
agreement between the theoretical calculation and the experimental data has been obtained (for
sample 1 and 2), and the slight deviation between the theoretical fit and experimental data may be
partly due to the scattering of the dislocation, because of high lattice mismatch (>7%) between
GaAs substrate and GaSb, and partly due to the impurity conduction which may have significant
effect on the mobility, especially at a low temperature. This implies that the values of N, N, and
E, obtained by fitting are reliable, and are shown in Table III.

While two energy levels have been obtained for sample 1 ( 17 and 64 meV ) and sample 2 ( 13
and 67 meV ), only one energy level ( 21 meV ) has been obtained for sample 3. The values of
activation energy E,; obtained are in the range of 13~21 meV and are close to those obtained by
Meinardi et al. ( 15.2~17.6 meV )** and Johnson et al. ( 10.5~16 meV )." Howeyer, the values
of activation energy reported by Dutta et al. are much higher and are obtained from PL analysis in
contrast to those of Meinardi et al. and Johnson et al. which were obtained from fitting to Hall
measurement data, a procedure similar to ours. In general, it is difficult to relate the PL and Hall
effect measurement results. Since the electronic transport properties are determined by the defects,
these can control the position of the Fermi level, but they may be nonradiation centers. For
example, low temperature PL spectra of undoped GaSb .exhibits 20 transitions,”® but only 1~2
activation centers for this material were obtained from Hall data analysis. In ref. 11, the authors
used activation energy of PL data ( E,,= 31.2, E_,= 102, E ;=72 meV ) for their fitting. For such

deep energy levels, impurity potential is strongly localized and the effective mass approximation is
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not suitable, and they are not thermally ionized even at room temperature (for E,, and E ;).
Therefore the results of Hall effect measurement are not determined by these states. The difference
between the thermal activation energy and the optical activation energy can be easily understood
using the configuration coordinate diagram of this situation."’

For sample 3, grown at a lower temperature, although a good fit can be obtained in 70 to 240
K temperature range for p vs. 1/T curve, the theoretical and experimental Hall mobility shows
unreasonable deviation. We believe that this is due to some compensated acceptors existing at a
shallower level than the principal species with a smaller concentration than the total concentration
of all types of donors, which leads to an underestimation of the value of N, by the standard
analyzing process. Therefore, an approximate value of N, is determined by adjusting its value until
a good fit is obtained between the theoretical and experimental Hall mobility vs. temperature plot.
The result is also shown in Table III and Fig. 3-14. We observed that the sample 3 shows the
lowest donor density. It seems to be a contradictory result. In fact, in order to obtain the exact
fitting parameters the self-consistent method should be used (which satisfy both measured Hall
mobility and carrier density ).

For sample 4, growri at a higher temperature, the impurity conductivity is the dominant
conduction process on a large temperature range (below 130 K). The effort to analyze both
concentration and mobility from Hall data, using the methods described above, have proved
unsuccessful . This has been explained as follows: when the impurity concentration is increased to
the level where the average acceptor separation is comparable to the Bohr radius of the ground
state, due fo an overlap of the ground state wave function the acceptor levels form a band and
impurity conduction occurs in parallel with the normal conduction band process. As a result of
acceptor freeze-out, impurity conduction may easily become the dominant conduction mechanism.
On the other- hand, the mutual Coulomb and exchange interactions (the overlap of the ground state
wave function) broaden the range of acceptor states, so the activation energy of acceptor is

decreased. But, the sample demonstrates lower carrier concentration and mobility, which indicates
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that the compensation is so héavy that hole conduction is controlled by deep level acceptors.

It is interesting to study how the Hall mobility versus T curve, shown in Fig. 3-15, alters with
an increase in the compensating donor concentration N, (or compensation ratio N/N, ), with N,
and E‘a kept constant (a common N,=10'" cm™, and E =12 meV are assumed). Figure 3-16 shows
the theoretical calculation of (77 K) vs. p(77 K) with the compensation ratio N /N, as a variable
parameter. The mobility abruptly decreases with increasing compensation ratio and acceptor
concentration. Mobilities of 2000-5000 cm®V's™ for 10'"-10'* cm™ hole concentrations, at 77 K

.30 Comparing these results to the results obtained by

have been reported by many authors.
theoretical calculations, we can conclude that electrical transport of GaSb is affected by high

compensating donor concentration.
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Table II. Hall measurements results at 300 K and 77 K of GaSb growth

at various temperatures.

Growth 300 K 77 K
Sample  temperature
(0C) pem3) uEm?Vs) p(cm3) u(cm?/Vs)
1 500 4.14x1016 530 4.72x1015 2418
5 490 7.0x10'6 505  1.2x10'6 2242
3 450 2.25%x1017 362 4.22x10'6 1143
4 530 2.81x1016 317 3.98x1015 638

Table III. Values of parameters obtained by theoretical
fitting and calculation for different undoped GaSb samples

Sample N,;(cm3) N, (cm®) Ny(cm3) E, (meV) E; (meV)
1 6.7x1016 2.73x10%6  4.6x1016 17 64
2 1.65x1017  7.53x1016  6.2x1016 13 67
3 2.8x1017 1.5x1016 21
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3.5 Photoluminescence measurement

Photoluminescence (PL) is a non-destructive spectroscopic technique for analyzing both the
intrinsic and the extrinsic properties of semiconductors. PL concerns the radiation emitted by a
crystal after optical excitation. In particular, it regards the radiative recombination paths of
photoexcited electron-hole pairs. PL provides information mainly on minority carrier properties
and, thus, it is complementary to electrical characterization techniques.

PL of undoped bulk GaSb growth from solution has been studied by many authors.*' > The
unintentionally doped GaSb grown by most epitaxial techniques is naturally p type with a hole
concentration higher than 1 X 10'7 ¢cm™, and the low-temperature PL was dominated by
recombination at the native acceptor via band-acceptor or donor-acceptor pair transitions. The
peak energy of this transition was 777.5 meV. When the grown from an Sb-rich melt, the PL
was dominated by the band-related transition at 796 meV. All good quality, material also showed
a peak at 810 meV corresponding to the free exciton transition, indicating high optical quality.
The low-temperature PL spectra of GaSb has been intensively studied, it exhibits many

transitions in the energy range of 680-810 meV, listed in Table V.’

The PL spectra were obtained in a 1 m Spex grating spectrometer. The excitation source was
the 514 nm line of an Ar" laser, maximum power 500 mW. The normally incident laser beam
was focused onto the surface of the sample in a spot. Luminescence was detected using a North
Coast germanium detector cooled to 77 K, used with conventional lock-in techniques. The
samples immersed in liquid helium at 4.2 K.

Figure 3-17 shows PL spectra obtained from homoepitaxial three samples with different
growth temperature. The spectrum are typical of GaSb grown under all antimony stable

conditions and
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Table IV. Low temperature PL. features previously observed in unitentionally doped GaSb.
The notation is that used in the literature.

Energy (m eV) Transition Notation

810 Free exciton " FE
808.7 Unidentified
807.95 Unidentified
805.4 Exciton bound to neutral acceptor BE1
803.4 Exciton bound to neutral acceptor BE2
800.1 Exciton bound to neutral acceptor BE3
796.1 Exciton bound to neutral acceptor BE4
795 Unidentified
777.5 Residual acceptor A
765 LO phonon replica of BE4 BE4LO
758 Acceptor B
752 Unidentified

| 748.5 LO phonon replica of A ALO

| 728 'LO phonon replica of B BLO
722 Unresolved
710 Second ionization level of acceptor A C
694 Unidentified
682 LO phonon replica of C CLO
680 Unidentified
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Fig. 3-17 The PL of homoepitaxial GaSb layer showing various
transitions observed in good-quality material. (Spectrum
taken at 4.2 K)
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show the various transitions which have been observed in good quality materials. The dominant
recombination mechanism proceeded via the residual acceptor A, at 777.5 meV, for all the
samples. It can be seen from the Fig. 3-17 that the spectra obtained from higher growth
temperature, a series bound exciton transitions and recombination at the neutral acceptor level as
suggested by many author. But we did not observed any phonon replicas for those
luminescence. It is worth noting here that the free exciton recombination is not observed in that
samples. But a exciton bound to donor (D) is clearly seen, this mean our samples, which grown
at higher temperature, have very good crystal quality, because the exciton bound energy is very
small for this material. For the sample growth at 500 °C, a strong and narrow A peek is
observed, increasing the growth temperature, all transition peaks become weak and broaden. For
the sample growth at lower temperature, a unidentified transition located at 786 meV may be due
to the free electron to acceptor recombination. The bound exciton recombination BE4 and D did

not observe.

3.6 1I-V Measurements

3-6.1 Analysis method
I-V measurements are widely used to characterize the barrier height, carrier transport

3739 The extraction of the

mechanisms, and interface states in Schottky barriers and p-n junctions.
diode parameters is usually complicated by their voltage and the presence of series resistance.
Due to the relative high undoped carrier concentration and narrow band-gap, the leakage current
of the GaSb Schottky‘ diodes and p-n junction are relative large. The dark current of a

photodetector usually increases with temperature and has to be suppressed in order to operate the

photodetectors at high temperature. In addition, for narrow-band gap semiconductors such as
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InSb, InAs and GaSb, 'the surface state due to material or process induced defects may cause
serious shunt leakage current.

The current transport in n*-p rectifying contacts is mainly due to majority carriers. The various
current components occurring at p-n junctions are:

1) diffusion currenté,

2) space-charge recombination currents,

3) tunneling currents and

4) perimeter currents connected with surface recombination.

At high forward-bias the donﬁﬁant radiative current is diffusion current, whereas space-charge
recombination and tunneling currents contribute little to total current. Perimeter currents
involving surface recombination are non-radiative.

The diffusion theory of Shockley’’ predicts the following voltage dependence of the diffusion
current density:

J = J,[exp(eV /kT) - 1] (3.6-1)

Experimental observation is made difficult usually by series-resistance effects which influence
the I-V characteristics at high forward-bias.

Current components due to space-charge recombination become important when
recombination centers are present within the space-charge region. By applying
Shockley-Read-Hall statistics to space-charge recombination, the following relation can be
obtained for the space charge recombination current density:

J = J,[exp(eV /2kT)~1] (3.6-2)

Surface recombination will occur at the perimeter of a p-n junction, if we define an effective
width, L , where surface recombination takes place, the perimeter current can be expressed by
the surface recombination velocity, s, and the diode perimeter,

I, = sL,n,Plexp(eV /nkT)—1] (3.6-3)
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For low bias, the ideality factor in Eq. (3-6.3) is n=2, the same as for bulk space-charge
recombination.

At very low bias, temperature-independent slopes may be observed, which is indicative of
tunnel or leakage currents. For the tunnel current, we adopt the algebraic equation derived the

1-V characteristics of a tunnel diode and may be write it as”*'

J=17,(V/V,)exp(1- VIV,) (3.6-4)

where V, is the voltage at the maximum forward tunneling current density J, and V is the
applied voltage.

An experimental study of the current flow across p-n junction is easily done by evaluating the

slopes in a InJ versus voltage plot at different temperature. By determining the "ideality factor”,

n, in the exponential relationship.

= q av
kT d(Ind) (3.6-5)

one can usually differentiate between diffusion current (n=1) observed at high biases, and
space-charge recombination current (n=2) at low biases. there are p-n junctions, however, where
n lies between 1 and 2.

This "2kT current” is experimentally observed at low biases in the I-V characteristics.

3.6.2 Experimeht and results

The GaSb epitaxial layers were grown by MBE on Te doped LEP n-type GaSb (001)
substrates. Prior to the growth, substrates were etched lightly by a solution of
HF-NHO,-CH,COOH, rinsed in de-ionized water, and blow dried. To remove surface oxides,
the substrate temperature was raised above 600 °C under Sb, flux. After this, a 3 pm undoped

GaSb films directly grown on LPE undoped GaSb substrates, then 0.5 pm GaTe-doped n'-type
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GaSb were grown by MBE. Growth temperature was about 500°C with a growth rate of 0.8
pm/h under Sb,/Ga BEP ratio 6, as measured with an ionization gauge in the growth position.
Surface reconstruction during growth was monitored by reflection high-energy electron
diffraction (RHEED). Under thié growth conditions, a (1 X 3) pattern was consistently obtained.

Since GaSb surface are easily oxidized, the grown samples were inunersed in methanol
before processing. Ohmic electrodes with a 150 pm diameter were fabricated by evaporating
Au-Ge-Ni alloy on> the n-type epilayer through a dotted mask. In was used as the p-type
electrode. After the deposition processes, the samples were annealed for 30 s at 300°C in

nitrogen atmosphere.

A. Reverse current

The results of reverse currents versus inverse temperature at different biases are shown in Fig.
3-18. The almost constancy of reverse current at low temperature implies the that dominant
mechanics at this temperature range is due to tunneling. The tunneling current is caused by
electrons tunneling from p-type valence band to n-type conduction band.

At around 300 K, the diffusion current is dominant. The equation for the reverse diffusion

. . 37
current 1s written as

DD E\
I, =en’A| ——+—2— lexp| ——=%
= en; JLNL Ndej p( kT) (3.6-6)

a n

where A; is cross section area, N, is the p-type acceptor density while N, is n-type donor
density, n, is the intrinsic carrier concentration, and E . is the band gap energy of the
semiconductor. D represents the diffusion coefficient, and L represent the diffusion length. The
band gap energy can be calculated from the slope of log (1) vs inverse temperature. The derived
band gap energy is 0.8 eV, it is agreement with true value 0.72 eV.

Equation 3.6-4 is used to describe the tunnel current characteristics of our two diodes at reverse
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Fig. 3-18 The reverse current versus inverse temperature at
different biases.
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bias. The variation of the conductance I,/V, with the reverse bias V, is contained in the
exponential factor exp(1+V,/V). The semilog plots of the I,/V vs. V of tunnel current should be
straight line, the result were shown in Fig. 3-19. When temperature below 280 K, at very large

bias region the tunnel current is dominant. And above 215 K the thermal diffusion current are

dominant.

B. Forward current

Figure 3-20 shows the results of forward currents vs. bias voltage at different temperatures.
At low bias, a tempefahne—independent slope is observed, It means tunnelling current is
dominant.

With temperature increasing, the space recombination current and diffusion current shift to
lower bias, and surpass the tunneling current, these currents are masked by series-resistance
effects. As temperature increasing up to 300 K, the thermal diffusion current becomes dominant.
From the Fig. 3-19 and Fig. 3-20 we can conclude that the tunnel current is important source of
dark current for GaSb p-n junction at lower témperature, which may be due to high
unintentionally doped, and the Te doped .GaSb concentration. a large ideality factor was obtained

at high bais voltage, it was caused by the presence of series resistance.**
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3.7. Conclusions

Variable temperature, Hall-effect measurements have been carried out on several undoped
GaSb samples grown by MBE. It is found that the electrical properties of GaSb epilayers
strongly depend on growth temperature. High residual impurity concentration and high
compensation ratio are 6bserved for lower and higher growth temperatures, respectively. In such
samples the residual impurity conduction may be a donﬁnant conduction mechanism at low
temperatures, and the common method of curve fitting to concentration vs. 1/T curve may give
wrong results; therefore, the analysis of mobility vs. T data has been carried out. In addition, the
electrical transport properties of GaSb are analyzed in energy dependent relaxation scattering
processes and it is demonstrated that device usage of GaSb is limited by high residual impurity
concentration as well as high compensation ratio.

PL spectra, a sherp line at 777.5 meV which is due to residual A, and a exciton bound to

donor (D) is clearly seen, these implies that our samples, which grown at higher temperature

~ (500°C), have very good crystal quality, because the bound energy of donor exciton is very

small for this material.

The temperature dependent I-V characteristics in bulk of GaSb p-n junctions are measured and
analyzed. At reverse bias, the tunnel current is dominant at a large temperature region. The large
léakage current is mainly caused by tunnel current. The diffusion current surpasses the tunnel

current at high temperature and high bias of both forward and reverse voltage.

=174~



Appendix

The formulae used to calculate the different scattering mechanisms are taken from the ref. 6
with some corrections. Equation (9) of ref. 6 is,
T, =1/s; +1/s;

This equation is changed to

which is the correct form.

To calculate ionized impurity scattering, the following formula is used

_ Ne'mik; o (1-5)G0) ”

- 2437 .4 J_ g
2me 'k, 1[1+m;/m}k -Z(m;/m:)uzy-*‘)vp_zki_z

Si

This equation is the same as eq. (A6) of ref. 6 if we assume that light and heavy holes have

the same effective mass, but in our case m,=6m,, while m,=m, is not a reasonable assumption.
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Chapter　3．　Electrical　and　Optical　Characteristics　of　GaSb3．11ntroduction　　The　Hall　effect，　in　paエticular，　has　fbrmed　one　of　the　essential　characterization　techniquesthroughout　the　history　of　semiconductor　development　and　this　seems　likeIy　to　continue　f6r　thefbreseeable　future．　The　reason　is　that，　fbr　an　extrinsic　semiconductor，　it　gives　a　dh℃ct　measure　of丘ee　carrier　type　and　concentration　which，　when　combined　with　a　resistivity　measurement　on　thesame　sample，　also　yields　a　value　f6r　the　aかpropriate　carrier　mobility．　Knowledge　of　the　electronor　hole　mob晦provides�p�qediate　indication　of　mate蜘幽but，　more　speci負cally，experimental　data　on　Hall　ef艶ct　and　resistivity　over　a　wide　temperature　range（4−300　K）can　bean副yzed　to　give　in飴�oation　conceming　impurities，　imper色ctions，　unifb�oity，　scattingmechanisms，　etc．　which　is　not　ava丑able　ffom　any　other　single　technique．　Though　special　samplesare　required，　they　are　not　dif且cult　to　prepare　and　the　measurements　make　only　lnodest　demandson　expe血1ental　equipment．　　Many　properties　of　semiconductors　that　relate．　direcdy　to　impurities　or　def6cts　can　be　assessedby　electrical　measurements．　Such　measurements　include　c�oent−voltage，　capacitance−voltage，magnetoresistance，　and　impedance　measurements．　Measudng　the　el�ttdcal　conducdvity　ofsemiconductors　as　a　fUnction　of　tgmperature，　the　intrinsic　and　extrinsic　ranges　can　be　observed．In　the　intrinsic　range（high　temperature），　the　temperature　dependence　of　the　conductivity　ischaracteristic　of　the　material　itself，　in　the　extrinsic　range　the　density　of血ee　ca�uers　is　controlledvery　sensitively　by　defects　or　impurities．　So　this　measurement　may　use　to　characterize　theproperties　of　defbcts　and　limpurities．一127一3．2Experimenta1・det劉ils　　Hall　measurement面ere　done　on　undoped　and　Te　doped　GaSb　epilayer　grown　on　SI−GaAs、ub、t，at。、，，ub、せ。t。　t。mp，，a傭・i・mea・w・d　by・th・m1…uple　c瓠ib・at・面・m　th・G・A・・虹d・removal　temperature（5900C）．　GaSb　was　grown　with　substrate　temperature　in　the　range460−5300C．　Sb4：Ga　beam　equivalent　pressure　ratio　was　selected　around　6．　A　GaSb　growth　rateof　1μmlh　was　used，　and　all　samples　with　a　3晒m　epilayer．　We　used　the　Van　der　Pauw　geometrywith　fbur　In　dots　alloyed　at　the　corners　of　the　sample　as　described　earlier．　The　measurementswere　done　over　a　range　of　temperature　4．2−400　K　by　using　the　liquid　He　cryostat．　The　samかleswas　mounted　with　vacuum　grease　on　the　mica　sheet　placed　on　the　sample　holder　f6r　el�ttricalinsulation．　The　Ohmic　contacts　for　four　points　were　bonded　Au　wire　to　the　pads　which　werecolmected　throhgh　leads　to　a　coll貢）ination　selector．　　　　　　　　　　　　　　　　　　　　　　・3．3Theoretical　analysis3−3．1Solution　of　the　eqU劉tions　of　motion　　In　practice　we　are　always　concemed　with　a　distribution　6f　carIier　under　the　influence　of　bothelectric　and　magnetic　fields　so　we　now　consider　the　fUl　equation　of　motion　appropriate　to　the・i加・ti・n　ill亘・碇・t・d　i・Fig・3−1・W・仕・舳・n・w．・f・p・・iU・r　h・le¢・π・nt副・ng　the　positived廿ec樋on　of　z　and　we　assume　bands　with　spherical　cons伽t　energy　surfaces．　Wdti耳g　expressionsfbr　the　component　fbrces　acting　on　the　holes　in　the　z　and　y　directiohs　results　in：わ，三碗一ε。旦一ε奪η，一6。旦一ω、9y（3．3．1）　　　　　　　　　　　　　　　　　　　　　　　　〃2　　　　　〃2　　　　　　　　　　　　　　　配一128一わ，一κ加＊＝’8。瓦・＋ω、η、　（3．3．2）　　　　　　　　　　　　　　配wh・・e軌i・the　cy・1・仕・面・quen・y・w・wi・h　t6・・1・・th・・e　eq・・d・n鉛・th・曲負・・1・・i亘・・裕Imdη，　so　as　to　obtain　expressions　fbr　the　longitudinal　and　transverse　currents匹andゐ．　Weassume，　fbr　the　moment，　that　scattering　is　independent　of　canゴer　energy，　though，　because　of　therandom　nature　of　the　scattering　process，　it　is　necessary　to　take　an　average　over　the　individualcollision　times．　The　solution　was　gives　by2ゐ二O1‡毒・。・旦「畿・星｝（3．36）ゐ＝夢｛1＋孟・τ・罵「畿・旦｝（3．3−4）XyZh　　　　　　VzFBFε�joW一　　一一一一騨一Bx　　�d　　εZFig．3・1　Schematical　diagram　to　illustrate　the　Hall　effect　onse血iconductor　sample　in　the　form　of　a”Hall　b劉r”．一129一3・3．2Energy・dependent　re藍axation　timeAcc耀・t・．i・t・Φ・et・ti・n・f　plec翻t・a・・p・舳ea・肛・ment・eq・i・e・・ne　t・t・ke　acc・unt・f血・energy　distnbution　of　ffee　carriers．　This　arises　essentially　because　the　rela臣（ation　t�qeτisgenerally　not　constant，　as　assumed　above，　but　depends　on　carrier　energy　E．　Tりerefbre，　in　writingexpressions　for　mobility，　condμctivity　and　Hall　coefficient　one　must　take　acco�ot　of　this　energyd・p・ndence　by　ave・agi・g・v・・皿・1・・杜・n・n・・gi…Wh・t　thi・impli・・i・p・acdce　cゆ・・een　by・e加mi・gt・Eq・・ti・n・（3．3−3）�pd（3．3−4）wh・hm・・t・・wb・磁…3匹一寡｛〈　τ1＋ω2τ2　　c〉旦一〈1畿・〉罵｝（3・3励　　≡σ誤＋σ誤み＝夢｛〈　τ1＋ω2τ2　　C〉星二〈畿・〉旦｝（一）　　≡σ渦＋σ，、旦wh・・e・hρb・ack・・〈〉�qpli・・一・・ag・・v・…i・・e・e・gy　whi・h　w・d・丘・・b・1・w　　i．e．，　for　some　functionπ．のく∫（P）〉一禁盤面（一　　Here　we　have　extended　the　upPe量integration］�qnit　to　infihite，　since〈（矛／∂E＞f訓l　off　well　befbrethe　band　ma）dm�oin　aH　practical　case．　Note　thatげ／∂E　can　be　written　as沢1プ）次τ，　sinceノー》［1＋・xp（E一β。）／たT］．1　（ヨ・3−8）　　　F。，n。nd。g，n。，a・e　elec…n・（B・1・一・…i・・i・・），刎紐≡（ん7γ’exp（E−E。）／ん7一130一since　exp（EF−E）／ん7＞＞1．・For　degenerate　electrons（Fermi−Dirac　statistics），　on　other　hand，andノζ1プ）is　a　sharply　peaked　function，　having　a　value　of　unity　at　E＝EF，　and　zero　otherwise，藪・δ（E−E。）．Th・・，艶・d・g・ne・a・e　elec…n・〈！（τ）〉！（τ（E。）），・nd　f・m・nd・g・n・・a・・，〈∫ω＞bec・m・・’　　　　　　　　∬∫（τ）E3／2・一左1陀τ4E〈！（τ）〉＝　　　　　　　　　　∬E3／2・一E／たT・沼（3．3−9）　　To　obtain　general　expressions　for匹丘om　these　equation　is　unduly　complicated　but　we　caneasily　deal　with　the．special　cases　of　low　and　high　magnetic　fields．　It　is　easy　to　see，　fbr　example，血・twhenω1τ2＜＜1andみ＝Othe　c・nd・・d・iWσi・gi・・n　by　　　　　　　　　　σ一ρ6B〈τ〉　　　　　　　　（3．3．1。）　　　　　　配wh・・ea・i・�qgh丘・ld　wh・nω1τ2＞＞1・　　　　　　　　　　σ一P6B〈1／τ〉一1．　　　　　　　（3．3．11）　　　　　　配　　Of　m。，e�q・宙・t・i・1・・e・t　i・血・H組1・catt・血g血・t・・脂wh・h・�pb・・bt樋・・d廿・mEquations（3．3−5），（3．3−6），（3．3−10）and（3．3−11）：　　　　　　　　　　　　　　　　1＋毒・〉　　　　　　　　　　　　　　　〈「1＋詞＋ω《1‡説　（3・312）舗gh　m。g。。齢。ld　wh。，e　w、2ぜ〉＞1　i・i・ea・y…ee・h・・．一飢1・w負・ld・wh・・eω2τ2＜＜1we　obtain：　c�j一〈τ2＞／〈τ＞2　　　　　　　（3・3−13）　Finally，　fbr　a　degenerate　61ectron（or　hole）gas，τニτ（EF）＝constant，　so　far　this　case　too・�j＝1・一131一　　For　several　scattering　processes　it　is　possible　to　write，　at　least　approximately，τ＝αガwhere　o�pdσ肛ec。n、・�p・．1。、u、h　acal。，〈！（τ）＞is　s曾・ightb�o肛d・・帥�o血e　av・・agi・g　i…�o・of　the　gamma　function　r（ρ♪：r（ρ）イxp一’〆ぬ　　　．　　（3・3−14）�pdh・・血・p・・P・汽y「ψ＋1）rρ「ψ）・唄・・鋤y・記…fp；「ω＝例！・lfρi・繍t・ge「；andrで112♪＝π112．Th・・，　the　c・�o・皿y・n・・unt・・ed血・・ti・n〈・〉�pd〈τ2＞bec・m・〈τ〉ニ∬祀3／2・一　丁循一∬・E3／2一∫・一　妬．∬E3／2・ニα（んT）一∫　　　　一石〃Tr（5／2−3）r（5／2）∬E3／2・一E／好（3．3−15）〈τ2〉一剩｣＝睾；；1；；；循一・iんT）一．「1器）一　（3’争’6）　　Using　these　equations　forろ｛we　then　have：　　　　　　　〈τ2＞r（5／2−2・）�jニqτ＞2＝mr（5／2一・）］2　　　　！3・347）As　an　ex�o［ple，　consider　acousUc−mode　defb�oadon−potenti記scattering，　for　which　sニ1／2；then指＝3π18＝1．18．．　The　largest　possible　value　of幣wouId　occur　for　ionized−impurity　scattering，飴・wh・h・＝312・i・・h・・ca・e，�j＝315π151211・p・ac・ice・h・w6ve…h・・e　i・alw・y・a�u・加・e・f・catt・h・g　mech・ni・m・…d駈i・記m・・t�o・h　less　th・n　1・93　br　si・glgrP・nd　t・an・p・「t・一132一3・3．3Two・band　transport　　The　transport　properties　of　holes　in　semiconductors　are　of　great　hlterest丘om　both　physics　anddevice　points　of　view．4　The　presence　of　two　interacting　bahds（heavy　holes　and　hght　holes）ofcarriers　introduces　considerable　complications　into　any　calculation　of　holes　mobility．　The　correctway　of　handing　this　problem　is　by　solving　a　set　of　coupled　Boltzman　equation．l　Theconsequences　of　two−band　transpon　wiU　be　discussed　in　te�os　of　simple　models　which　have加・n飴und　t・b・u・e血1�pd・v・n　acc皿・t・・Th・・impl・・t「m・d・1・・re・ull・丘・m．assu血・g　th・theavy　holes　and　light　holes　are　decoupled，　except　fbr　allowing　interband　transitions　in　thedeterm血ation　of　scattedng　rates．　For　heavy　holes　has　higher　state　density　than　light　holes，　thismeans，　of　course，　that　int6rband　scattering　will　dominate　fbr　light　holes，　while　intrabandscattering　wi皿dominate　fbr　heavy　holes．GaSb　has　speci副飴a加res　of血e　conducUon　b�pd　s�qcture，血e　lowest　mi�um�o血血econduction　band　hes　at　the　center　of　the　Brillouin　zone（rl），　and　that　there　fUrther　min�qa　at　the（111）zone　faces（L1）at　an　energy　about　85　meV　above　the　rl　min�qum　and　at　the（100）zonefaces（XI），300　to　400　meV　above　the　rl　minimum．　The　sman　energy　diffbrence　between　the　twolowest血n�qa　and　much　higher　density　of　states　in　the　Ll　m�q�qa　means　that，　around　and　aboveroom　temperature，　a　significant　fraction　of　the　electronic　ca］�uers　will　be　in　theる1　valleys，　withthe　consequence　that　the　analysis　of　any　Hall　data　requires　the　use　of　a　two−valley　modeL　　In　the　ef飴ctive−mass　approximation，　the　two　band　parallel　conddctivity　currents　are　given　by3　　／1，＝σ1。E，＋σ1αE、　　　　　　　　　（3・3−18）　　ノ1、＝σ1．zE、十σ1ガEx　　　　　　　　　　　　　　　　　　（3．3−19）ノ・，ニσ・。E，＋σ・aE・　　　　．．　（3・3−20）ノ・。＝σ・．、E、＋σ・君E・　．　　　　　　（3・3−21）一133一Where�〈　τ11＋ωd2τ12〉％＝煽乳鑛・〉（3．3−22）（3。3−23）ら窟一％一пD〈1＋漏　　．（一4）隅隅．u叫喚＞1．．（3．3−25）　　　　　　　　ホ　　　　　　　　　　　　　　　　　　　ホ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ホHereα�d1＝εB／砺　and（死2ニθB／加2，whereθis　the　electronic　charge，　positive　quantity，　andη21，　ホ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　叩2are　the　effbctive　mass　of　the　two　band．　The　total叩rrent　is　simply　the　sum　oξthe　currents　lnthe　individual　bandslノ．紘＋ノ、。＝一（σ1。＋σ、。）E、＋（σ1。＋σ，。）E、　．（3．3・26）ノ，鵠ノ1、＋ノ、，＝（σ1。＋σ、。）E、＋（σ1。＋σ、。）E、．　（3．3−27）．where，　in　Eqs．（3．3−22），（3．3−23）�pd（3．3−24）血e　sy�oet理relationships�oong血e　v肛iousσ珍are　used．　Again，　the　boundary　condition　for　the　Hall　effbct　experiment　is／y＝0，　giving．　　　　σ　　十σ　E＝　は　　2ぴ　　κ　σ　　　　　　十σ　　　　　　　　22胤　　　　　1」αso　that，　ffom　Eqs．（3．3−27），（3．3−28）and　the　definition　ofσand　R　H，　　」σ≡一』一＝　　E　　　z（σ1。＋σ，。）2＋（σは＋σ、a）2R。≡一生＝　　　ノ，B　　　（σ1。＋σ、、、）1　（σ1。＋σ、。）B（σ1。＋σ，。）2＋（σ1。＋σ，π）2（3．3−28）（3．3−29）（3．3−30）We　consider　low　magneUc五eIdω2τ2＜＜1，　then　Eqs．（3．3−22）一（3．3−15）yield　　　　　　　　　　　　　　　c一134一　　σ1駕二P1ε2〈τ1＞／〃21＊〒超ρ1μ1　　　　　　　　　　　　　　　　（3．3−31）σ1。＝（ρ1・2加1＊）（・B／配1＊）〈τ12＞＝郷β　　　　（3．3−32）　　σ2翼＝qρ2μ2　　　　　　　　　　　　　　　　　　　（3・3−33）　　σ2a＝qワ2μ22ろB　　　　　　　　　　　　　　　　　（3・3−34）where弓are　Hall　factor．　However，　there　are　also　contributions　to　the　Hall　factors　due　toanisotropy；these　have　been　fbund　to　be�e1＝0．998　and�eh＝0．663　fbr　GaSb．5　Then　Hall　factors：弓＝�e，〈・，2＞／〈・，＞2．層@　　　（3．3−35）Al・・，血・h・le　c・ncenせ・ti・n・in　eachb�pd冴e　apP・・虹m・t・ly　gi・6・by・ρ1＝4［1＋（配、加1）3／2］　　　　（3．3−36）　　ρ2＝、ρ一171　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　（3．3−37）　The　conductivity　and　Hall　coefficient　now　become　　σo＝6（PIμ、＋p2μ，）＝σ、＋σ2　　　　　　　　　　　　　　　（3．3−38）R・一P綜雛一σ淵葬　（3．鋲39）where　q＝8ρ1μ1，σ｝ニ8p2μ2，　R　1ニr1ろρ18，　R2二脳ρ2ε．　Hall　factoph　and　Hall　mob丑ityμH，　become6　　�j＝召ρR　　　（1＋α3／2）（ろα3／2β2＋ろ）＝　（1＋α3／2β）2　　　　　（3・3単40）μH＝．Rσ　　叫1〈τ12＞＋α1／2孤、〈τ22＞”21＊〈τ1＞＋〈τ、〉α一1／2（3・3−41）．一135一whereα＝〃21／〃32，β・＝μ1／μ2，μ，・＝　，　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　”2，subscript　2　to　light　holes．・〈τ、〉．The　subscript　l　always　refbrs　to　heavy　and　the3−3．4　Scattering　theory1・・e畑・・nd・・t・rs　elect・・n…h・1・・�Kate　t�qough　t＃e　c倒st田with　p「ope丘ies　dete面nedprincipally　by　crystal　lattice　periodic　potential　and　ionized　impurity．　　It　is�qown　that　in　dle　B　om　approximation　the　scattedng　probability　per　unit�qe∫（K）of即electron　under　the　e価ect　of　a　distufbance　can　be　written　as7・，（k）＝際・（k−k）IG（kk）δ（賊）　　（集3＝42）with　　G（k・k’）一圭Σ∫ぺ（・）那・（・）4r2　　　　　　　　　（3．3．43）　　　　　　　　　　　　∫1，∫2wh。・e血・・um　i・・ver　spi・・t・t・・，1（k・一k）i・血・（k�dk）一th　F・u・i・・c・e茄・i・nt・f　th・p・血・bi・gHamiltonian　H曾，　k’and翠are　the　electrons　wave　vectors　at　the　initial　and　final　sates　respectively。G（k，k曾）is　computed　over血e　Wigner−Seit乙cell，　Imd　accounts　fbr　dle　overlap　between　theP・d・di・p町・u（・）・f血・wave飴…i・n・i・血・曲g・fi�ud舳d且・alBi6・h・・・・…Th・・v6・1・p血t・鯛gi…�q（2）d・p・nd・up・n・h・・y�o・卿・・P・貰i…flh・�q・i舳d負・紐state　wave血nctions．　For　elec仕ons，　the　wave釦hc廿on　ex�qbiting　spheric撮sy�oe噂，　theoverlap　integral　is　near　unity，　and　this　fact　reduce　the　complexity　of　scattering　terms．　For　holes，th。、i加。ti・n　i・n・t　as　simpl・，・nd　th・v訓・nce　b�pd　w・v・血・・ti・n・艶・cubi・・蜘・血・e・ex�qbit・nonsphedc飢sy�oet甲，　mosdy　p−like　at　the　top　of　b�pd．　The　overlap　integr訓即e　dependent　on　k一136一and◎，　the　Imgle　between　k　and　kl．　WHey8　had　ca�ued　out　calculaUons　on　G（k，k曾）IH−Vcompounds　using　the　wave　functions　of　Kane．9　He　shown　that　the　overlap　functions、were　nots仕・ng　f・ncti・ns・f　k・a耳d　can　b・w・ll・pP・・ximated．by血・廿卿es　at　k＝0・1・th・t　caseG、→，＝q→、＝3（1一・・s2◎）／4　　　　　　（3．3−44）6、→、＝G，→，一（i＋36・s20）／4　　　　　（3．3−45）3・3．5Scattering　Mechanisma）Acoustic・mode　deformation・potential　scattering乃ech�p3rs　in　la滋ce−atom　poritions　due　to　acousUc鴨mode　l・面rr　vib・ati…p・・duce　apotential　that　scatters　carriers．　The　scattedng　rate　is4・・＝ｿ観1rly）の　（3．3緬）where　El　is　the　defb�oation−potential　constant，ρis　the　mass　density　of　the　material，3is　theaCOUSdC　VelOCity．b）Polar　optical・mode　scattering　　The　optical−mode　latdce　vibrations　produce　a　polarization　of　the　ionic　charges　on　neighboring・t・m・，lea血・g　t・dip・1・m・m・nt・血・t・�pi・t・・act　with血・丘ee　h・1・・．　thi・i・m・・t　imp・貰・nt・catt・血g　mech�pi・曲・elec建・n・at…mt・mp・・atw・，　md　i・副…el・直・・ly・t・・ng飴・h・1・・．The　scattedng　rate　is4・・＝J毒調Σ匁⊂・・＋去不圭）〕一137一wh。，eη訓・xp（乃ω　／んT　　ρ0）一1］鴫i・血・high丘・1・・n・y出・lec面cc・n・・an・H　叫．the　longitudinal　optical　phonon　angular　ffequency．　The　wave　vectorsん±correspond　to　energiesE±乃ω，。，・e・pecti・・ly・・）N・np・la・・pti・劉1・mρde　scattゆ9Th・bll・wi孟1・と・冠・血g・1曲・h・1・・byth・n・np・1盆・P・icaトph・n・nmech�pi・甲w・・d・・i・・d　　　　　　　　　　　　　　　　4by　D．　C．　Lookθ’α1．：辱＝ｷΣ（E±乃ω，。）112⊂・・＋圭〒圭⊃£IG（y）の1‘（3一）wh。，eD。i、血。。P、i、組、。近pli。g、。n、・△。ちρi、・h，massd・n・i・y・f・hごm・…i副．d）Piezoelectric　scatteringThe　ac・u・tic−m・d・1・血ce　vib・ati・n・p・・duce　a．P・ten佃d・・t・th・p飢i烈i・函zati・n・f　th・。t。�oi。・W・t訓・with・ut　inversi・n・y�p・噂．　Th・piez・elec倣。−P・te翻・catt・・i・g・翫・islo・，一当ﾊ諭y　．（3・3鋤　　with　the　piezoelectric　constant　hρ，・3・3．6Scattering　re1舞xation　times　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−138一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　II　　The　material　parameters　are　shown　in　Table　I．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　The　relaxation　times　fbr　various　scatteringprocesses　can　be　calculated　using　above　described　equations．　These　values『2（ffom　heavy　tolight　hole　band）・％・（血om　heaW　to　hea帥ole　b�pd）・ち1（丘om　hght　to　heaYy　hgle　b�pd）・．％・（ftom　light　to　hght　hole　band）are　shown　in　Fig．3−2〜Fig．3−5．3−3．7Mobility　and　Hall　factor　　Aquantitative　analysis　of　the　scattering　rates　fbr　the　various　lat口ce　scattering　processes　allowsus　to　compute　a　drift　mobility　without　scattering　by　ionized　impuritiesl　The　correct　averagingover　the　energy　is　often　negl�tted　and　substituted　by　the　so　called　Maゆiessen’s　rule．　ThisapproximaUon　is　only　Yalid　if　aU　relaxation　t�qe　are　independent　of　the　energy　or　if　they　wouldhave　the　sallle　energy　dependence．抽een・・gy−av・・ag・d・田・…fth・・el翻・n　t�q・・〈τ1＞�pd〈τ、〉�pd・f　th・・q・肛…fth・・el砥・d・n　dm・・〈τ1＞�pd〈τ；＞i・b・・h　h・1・b・nd・�p・・eed・d飴・血・d・t・�oinad・n・f山・H討lfactor弓mdろ．　The　averaging　various　scatte血g　processes　in　the　two　hole　band　was　pe面�oedaccording　to〈τ’〉一3夢／2∬（書τの4i葦券／2・1・・吻　「（3鋤〈τ1＞一訓書τ」2（ん1静／2’！吻　（3・年51）wh・・eτ疋’＝・1＋∫1．　　The　temperature　dependence　of　the　Hall　factors　and　H：all　mob丑ity　fbr　the　diffbrent　phononscattedng　processes　are　shown　in　Fig．3−6−Fig．3−7．　If　we�qow　the　single　l醐ce　sca枕ehng一139一rates，　we　can　calculate　the　lat口ce　drift　mobility　and　Hall　factor，　the　lat直ce　Hall　mobihty　and　HaUfactor　as　fUnctions．of　temperature　are　shown　in　Fig．3−8ゲ3．3181。nized　i帥u・ities　scattering「P・・cess6・　　The　ionized　impudty　sca賃edng　rate　fbr　holes　c�pbe　readHy　obtained　by　conside血g�qpuritycenters　with　a　screened　Coulomb　potential　is　given　by・・一ｿ2幡・［lk響l11誤】・δ（卿K圏　．（3・352）　　　　の　　　　　　　　　　　コ　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ゴ　　協【＝・んsinθ躍ω麗1ヒ・lk−k12＝糾ん’2一蹴。・・θ乃。噂。廿1。。v。，φgi。。、a魚、・。・2脚d血・δ（E。一E。．）impli・・血・・々2ん1．／2喝＝旅ノ／2曜ψん2呵／呵．．sh・1・血ce　m・b町h・・been・田・ul・t・d　i・血・p・evi・us　secti・n．：』e　c・nce耳t・ati・n・f　i・血・dacce戸t・・妬i・gi・・n　i・飴l16wi・g・el鋤・n・〈硫＝ρの＋Nム．　Th・d・n・・i血P・n・i・・．飢・烈lionized（1＞み＝1＞D）．　Theref6re，　the　concentration　of　ionized　impurities　is：　　1＞X＝p（T）＋21＞D　　　　　　　　　　　　（3．3−54）職ec・n噸on　of　the　scatte血g　by　io�uzed　impuddes　into血e　c烈cu脚of？聴cdve　H創1魚cto「�pd　H瓠mobl”け卸e’mpo伽t’n血e　case　of　undoρeμGaSbや「ve塀w’det・即・・a傭・・egi…wh・hh・・ave醐ghuni…n廿6・田h・le　c・・cen�Sn』9・・w・by囲w・ll�qown　growth　techniqpe．　The　dete�oinadon　of　the　ionized　impu吻scattehng　rate　is　possible　if　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−140一we�qow　the　concentradons　of　acceptor｛md　donor，　and　the　acdva亘on　energy　of　acceptor．　Theresults　of　temperature　dependence　of　Hall　mobmty　fbr　diffbrent　acceptor　concentrations　areshown　in　Fig．3−9．　　According　to　above　calculation，　it　is　clearly　seen　that　the　inclusion　of．scattering　by　ionized�q蝉es　is�qpo丘�pt埼「r噸ve　H撮1飴cto「徳d　mobili妙in血e　case・l　sm組l　h・1・concentration　at　low　temperatures，魚nd　even　at　high　temperature　in　the　case　of　higherconcentrations．　In　principIe，　the　dete�oination　of　the　ioniz6d　impurity　sca丘eringlrate　is　possible　ifthe　curve　ofρH　vs．　temperature　alIows　a　reHable　detem血ation　of　IV、　and　Nd．　However，　theparameters　1＞、　and　1＞d　fitted　simply　ffom　the　PH（ηctIrve　are　usual　uncertainties，　since　thee脆ctive　HaU　factor　is　large　and　strongly　temperature　dependent，　in　addition，　the　compensationalso講�tt　the負tthlg　results．　Theref6re，　an　iterative黛t血1g　of　these　parameters　is　necessary．　Suchan　analysis　will　be　impossible　if　IV、　and　IV4　cannot　be　detelmined　re懸註bly　as　hl　the　case　of�qpurity　band　conduction．北eco�oonly　made　assumption血at�j＝1聞。負en　lead　to�peπor　of　25％or　more　inca�uer　density，　an　error　which　can　be　very　much　reduced　by　using　the�qowledge　of幣nowav曲ble　to　us．　We且rst　consider　value　of�jc烈culated　in　the　energy　independent　relaxadonapproximatiOn　fbr　a　number　of　scatte血g　processes，　and　heavy　and　hght　holes　are　decoupled．　Inthis　case，血e　sca賃e血g　by　defb�oation　poten劇of　op翻alld　acousdc　phonons　results血e　Hallfactor弓｛＝1・9・And�`＝4・7　are　obtained　fbr　polar　optical　phonon　scattering・For　scattedng　byionized　impurities，�`＝1．1　is　obtained．　The　scattering　mechanisms　mix　in　real　cases　and，therefbre，　the　resulting　ef飴ctive　Hall　factor　may　be　expected　to　be　in　the　range　between　1．9　and4．7，depending　on　the　relative　contributions　of　the　scattering　mechanisms．　In　the　high　puritymaterials，　scattering　by　ionized　impurities　is　negligible　at　room　temperature．　In　the　materials　ofhigh　carrier　concentration，　scattering　by　ionized�qpuriti6s　is　dominant　at　large　temperaturerange．　The　total　HaU　mobUity　and　the　contributions　of（hf飴rent　scattering　mechanisms　as　afUnction　of　temperature　are　shown　in　Fig．3−10．一141一Table　I　GaSb　physical　parameters　fbr　the　calculation．Heavy　hole　effbctive　massLight　hole　effbctive　massAverage　sound　velocityqpU6al　defbrn｝ation亘ote血tialAcoutical　def◇rm［aUon　potentialDensityStatic　dielectric　constantHigh一三equency　dielectric　constantQP廿cal　phonon　energyPiezoelectdc　con3tantralra20．28moO．05mo3．24×105cm／s　’6eV4eV　　　　　　　　　35．6149たm（15．0）εo．．（13．8）ε029．9meV　　　　　　　　20．13αmO．638aO．998ataken　from　ref．11ataken　f士om　ref．5一142一（の）巴　　一1010450100150200250300Temperature（K）Fig．3−2　Piezoelectric　scattering　relaxation．times　in　dependenceon　temperature・（QO）Pαo口　　一810　　一910　　一1010　　一1110　　一121010“132111／122250100150200250300Temperature（K）Fig．3−3　Polar　optical　phonon　scattering　relaxation　times　independence　on　temperature111−scattering　ffom　the　heavy　to　heavy　hole　band，21−scattering　f沁m　thelight　hole　to　heavy　hole　band，12−scattering　ffom　the　heavy　to　light　holeband，　and　22−scattering　ffom　the　light　to　light　hole　band．一143一（の）　　α　喝P　　一1010　　　　8　　　　6　　　　42　　一1110　　　　8　　　　6　　　　4222＝1211＝2150100150200．250300　　　　　　　　　　　　　　　　　　　　Temperature（K）Fig．3−4　Acoustic　phonons　scattering　relaxation　tim郎in　dependenceon　tempera加re・（の）10−61σ710層8　　　　一9a1010−1010騨11．22＝1221＝1150100150200250300Temperature（K）Fig．3−5　Defbrmation　potential　scatter玉ng　by　opticζl　phononrelaxation　times　in　dependence　on　temperatμre・11−scattering　ffom　the　heavy　to　heavy　hole．band，21−scatterillg　f士om　thelight　hole　to　he茸vy　hole　band，12−scattering　ffom　the　heavy　to　light　holeband，　and　22−scattering　from　the　light　to　light　hole　band．一144一』〇一〇山一2．62．42．22．01．81．6一〇一pop一▲一npo50100150200250300　　　　　　　　　　　　　　　　　　　　　　　T（K）Fig63・6　The　temperature　dependence　of　the　Ha1Hhctor　fbr　thedi飾・ent　ph・mn　scattering　P・・cesses（・ac＝4・4　and・P。＝0・906　　魚）rall　temperatures）．�F〉命　ヨ3．貯ヨ§1010109108107　　610105104103一e−pe一日一dp一●一POP一「△一npo50100150　　200　　250　　300T（K）Fig．3−7　The　tempemture　dependence　of　the　HaH　mobility　fbr　thedifferent　phonon　scattering　Processes．ηρo＝defbrm［a廿on　potential　scattering　by　optical　phonons，4ρ＝defbrm［ation　potentialscattering　by　acousdc　phonons，ρρρ＝polar　optical　phopon　scattering，　Pθ＝piezoelectric．scatterlng．一145一電き量言毯譲慧106105104103501001502002503004．54．03．53．02．52．0おぢ山自Temperature（K）Fig．3・8　Tlle監attice　Hall　mQbility　and　Hall　factor　as　functionsof　tempemture・一146一』o⇔9昌1．151．101．051．000．9550100　　　　150　　　　200　　　　250　　　Tempera加re（K）300富≧�`ど．智速　　囲　　2　　510　　8　　6　　4　　2　　410　　8　　6　　4　　2　　　Nd！N、＝0，2−e−N、＝1・1017cm曹3一●一　2＊1016cm−3一会一5＊lo15、m−350100　　　150　　　200　　　250　　Temperature（K）300Fig．3−11　The．temperature　dependen6e　of　Ha1H諭ctor　and　mobility董br　　　　　　　　diflbrent　accepor　concentrations一147一奮≧幅ε智宕　o　罵　　910　　810　　710　　610　　510　　410　　310Nd1Na＝0．2N、＝4率10’6c�u3一e−dp＋npo一■トpe−Eト．oOP＋imp．一●一tot．50100150200250300Temperature（K）Fig．3−10　The　total　Ham翼nobihty　and　the　contributions　of　dif£erentscattering　mech劉nisms紐s　a　function　of　temperatμr〔あ一148一3．4．Electric田transpo即roperties　of　GaSb　gro舳by　molbchlar　be�o　　　　　　epitaxy3隔4．1．　Introduction　In　recent　years，　there　has　been　an　increasing　interest　in　GaSb　and　ant�qonide　ba3ed　temary　andquatemary　compounds　because　they　aU　have　reladvely　narrow　bands，　which　make　theln　promi吊inglmaterials　for　photodetectors　and　medium　inf『ared．．wavelength．r興nge（2−5μm）lasers．12　Despitemany　years　of　investigadons　related　to　Sb−based　optoelectronic　devices，12some　problems　regardingthe　growth　of　device−quality　epilayer　still　persist．　The　most　important　one　is　high　unintentionaUydoped　GaSb　carrier　concentration；it　is　observed　that　hole　concentration　of　the　order　of　1017cm曜3　isgenerated　in　GaSb　f丑m　grown　by　standard　epitaxal　techniques．12’1．31t　has　been　fbund　that　theoptical　and　electrical　properties　of　GaSb　are　strongly　dependent　on　the　growth　conditions．　Johnsonε’σ1．13fbund　that　molecular　beam　epitaxy（MBE）一grown　GaSb　epilayers，　with　the　lowest　residualacceptor　concentrations，　do　not　display　the　highest　hole　mobility．　This　indicates　that　the　transportproperties　are　seriously　af驚cted　by　the　compensation　effbct　in　undopedρ一GaSb．　But　they　did　notgive　a　deta丑ed　study　related　to　the　compensated　acceptor．　Ih　this　paper　we　report　a　comprehensive�p撮y・’・�id・e・u’…f・・�p・p・ゆ・P・血…funl・P・dp一取P・G・Sb　g・・w・b畑E・E肛1’・・works　have　mainly　concentrated　on　n−type　GaSb，　because　of　its　special　conduction　band・甘・・…e・14『17Recently加・…乙18　s・・di・d血・h・1・伽・p・質P・・孕・丘i…fund・P・d　G・＄b�pdGaSb　with　various　degree　of　telurium　compensation，　using　Hall　measurements．　They　used　theac樋va廿・n・n・・gi…bt血・d血・mρL　an・ly・i・b・d・t・�o血・ti・n・f・・nce嘩・ti・n・・f　accept・rs　anddonors．　However，　it　is　well�qown　that血ere飢e　some　dif飴rences　between血e�o副acUvadon一149一・…gy・nd・P翻acU・・U・n・n・・gy丘・m…b・e・v・d　PL　mea・u・em・nt・，’9�pd創・・th・・e肛・m�py．o血e「曲own至h’ng　P岬ete「s　whc鵬．com岬tr　to　each　othe「・’rading　to　so卑e。。ce伽U。、　i。　th，，e、ult、。bt樋。。d　by　the　ab・v・m・th・d．　Th6・ef・・e，・・t�pd田d　th…eti・副�p・ly・i・of　HaU　data　is　carried　out　to　study　the　el�ttrical　transport　properties　of　MBE−grown　GaSb　and　thedetails　are　described　in　the　subsequent　sections．3．4．2．　ExperilhentIh　GaSb　epit釦al　layer　grown　on　semi−insulating（SI）GaAs　substrate　by　MBE　substratetempefa�格s　measured　by　a　the�oocouple　c田ibrated　using血e　GaAs　oxide　remov訓temperature．690・C）．G。Sb　w。、　g・・w・wi血・・ub・t・at・t・mp・・a跡・飢・und　5000C．　Sb、・G・beam・q翻entpre〜sure　ratio　was　around　6．　A　GaSb　growth　rate　of　1．μm／h　was　usedl　and　a．3μm　epilayer　wasfbrmed　on　all　sarnples．　　Hall　measurements　were　pe�ub�oed　in　the　20　to　340　K　temperature　range　in　an　OxfbrdInstruments　continuous一且ow　liquid−helium　cryostat　using血e　dc　van　der　Pauw　tec�qique．　Ohmiccontacts　on山e　samples　were　fbfmed　using　sintered　indium．3・4．3．Theory』　　The　f士ee　hole　concentration　p　and　mobilityμof　a　p−type　semiconductor　is　dete�oined　ffom　the、measured　Hau　concenuatioh　pH　and　Hall　mobuity晒H　using　the　fbllowing　equations：　　ρ＝．7盈PH　　　　　　　　　　　　（3．4−1）　　　μ＝μH／�j　　　　　　　（3．4−2）wh。，e肺・he　e価�td・・H訓l　fac…，・�pb・・b・樋・・d・・i・g血・・el蹴i6・�qe　apP・・xim・u・n46一150一　　　　　［1＋＠ン配；　　　　　　　　　　　　　　　　　）3／2｝［�e1〈τ1＞（勲；）一’／2＋�e、〈τ1＞］�j．＝@［〈τ，〉＋〈τ1＞（朔）1！2］2　　　（3・4−3｝and　the　theoretical　Han　mobUity　is　given　by：4’6　　　　　　　　　　　一・�e1〈τ1＞（叫加；）一1／2＋る、〈τ1＞　　　　　　　　μ・一舛〈τ、〉＋〈τ1＞（勲；）一1／2．　　、（3・4−4）　　　　　　　　ホ　　　　　　　　　　　　　ゆwh・・e　ml　and　m・a・e中・heavy　and　light　h・le　e働・ti・・masse…e・pectively・も1　andろ・a・e・ni・・住・py　fact・rs　whi・h　t・k・i・t・acc・untthe　ani・・駐・py・f血・tw・b・nd・，〈τ1＞・nd〈τ、〉訂・th・・elaxad・n　t�q・・�pd〈τ1＞，〈τ1＞�p・th・・qua・e・・f　th・・el砥・・i・n・i�u・・f・・heavy皿d　light　h・1・bands，　respectively．　For　the　Hall　mobility　and　effective　Hall　factor　calculation，　the　acoustic−lnodedefb�oation　potential，　acoustic−mode　piezoelec面。　potenti田，　optical−mode　defo�oation　potential，optica1−mode　polar　and　ionized−impurity　screening　effbcts　are　included．　These　are　similar　to　thosein　refs．4and　6，　but　some　corrections　have　been　made　and　are　shoW．n�qthe　Appendix．　In　Table　Ithe　material　par�oeters　used　in　the　calculation　ale　listed．　　For　analyzing　caMer−concentration　v　s．　temperature　data，　we　as3ume　a　nondegenerate・emi・・nduc・…B・th・i・gle　accept・r20〜22ﾗd・uble　accept・r23”25　m・d・l　p・・P・・ed　by　p・evi・u・researchers．　The　double　acceptor　nature　of　the　residual　acceptor　was且rst　reported　by　Baxterθ∫α1．，23and　Nakashima24　reviewed　a皿the　previous（befbre　1980）experimental　results　and　showedthat　the　reported　ionization　energies　of　such　residual　acceptors　are　concentrated　aroundO．025〜0．035eV　and　O．06−0．120　eV　respectively，　related　to　the　shallow　and　deep　states　of　thedouble　acceptor．　Recelltly，　both　single　and　separated　two　acceptor　model　were　presented　forMBE−grown　GaSb．13’25　The　attempt　to　analyze　the　hole　concentration　with　double−acceptgr　modelcould　not　give　unique　solution．　In　order　to　avoid　un�qown舳ng　parameters　compensate　to　eachother，　single　acceptor　model　was　used　in　fbllowing　analysis．　The　hole，　acceptor　and　donor・・ncen�g・ti・n・（P，瓦・nd篤，・e・pecti・・ly）・nd　tbe　acti・・ti・n　en・・gy尾・f　accept・・�p・・el・t・d一151一　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　26through　the　charge−neutrality　condition・遥（鴇÷塑［一創　　醐where　8（＝4）is　the　acceptor　degeneracy　factor　and　N．　is　the　ef驚ctive　density　of　states　in　t1享evalence　band．　The　acceptor　and　d6nor　concentration，1＞、　aロd　1＞ゴ，　respectively，　and　activadonenergy　E、　may　be　determined　by　carrying　out　a　theoretical　fit．to　the　experimental　data．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　17　　1n　the　case　of　GaSb，　where　the　unintentionally　doped　hole　concentration　is　of　the　order　of　10�p’3C11πge　imp瞭y　conduction（also�qown　as　hopping　conducdvity）will　occur　fbr　high　impurityconCentr頃on　at　low　temper孕tur侍．．Thls　gbviously　cau串es　a　dif耳culty　in　the　analysis　of　the　Hallmeasurement　data　of　such　a　material。　Therefbre，　it　is　necessary　to　an31yze　the　mobility　versusteml）erature　data　to　determine　2＞4．3・4．4．Results訊nd　discussions　　The　Hall　mobihty　of　3一μm−thick　unintentionally　doped」p−type　GaSb　epilayers，　grown　at　variousgrowth　temperatures，　is　measured　at　both　room　temperature且nd　77　K．　A　plot　of　Hall　mobility　vs．the　growth　temperature　is　shown　in　Fig．3−r1，　vセhich　exhibits　a　strong　dependence　Of　HalImobiHty　on　the　gfowth　temperature．　In　this　report，　w6　will　discuss　the　fbur　samples　grown　at　four曲ent　tempera財es　of　450，490，500　and　5300C．　T池le　II　su�o．飢ize9血e　c痂concen仕ationsand　mobilitie3　at　both　room　temperatur6　and　77　K　fbr　the　GaSb　samples，　obtained　ffom　IHallmeasurement　data．　　Figure　3−12　shows　p1φts　of　the　electrical　conductivity　vs．11T　curves　for　the　four　samplesmentioned　above．　The　impurity−band　hop診ing　conductivity　is　clearly　observed　fbr　salnples　3　and　4in　the　low　temperature　region．　The　Hall　carrier　concentration　vs．11T　curves　f6r　samples　1，2ahd　3肛・・h・w・i・Fig．3−13．　F・r　sampl・・1・nd．2．wh・h　ha・・hgh・・m・bili取�pd鍵・g・・w・翫int6fmediate　temperatures，　there　are　two　distinct　regions　in　the　concentration　vs．1／7▼curves　with　a　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　−152一窃孕豊書§讐量寒10329876543。　300Km。bility　　．●●　　　77Kmobility　　　　　　　　　　　　　　　　ぱ　へ　　　　　　　　　　　／　　　　＼＼　　　　　　　／・・　＼　　　　　　●■冒　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　�`，　●　．・’　　　　●　　　　　　　　　　　　　　　　’・．　　　　　　　　　　　　ノー　　　　　　　　！10　　／／　　　　。　　。　／　　　。　　。oo●一｝剛殉隔幅　　　　　。＼博420440460480500520540Growth　Temperature（oC）F茸g．3・11300劉nd　77　K　Ha11　hole　mobility　of　undoped　G紐Sb　layers　as　a血1nction　of　growth　temperature一153一　ヤ　目　リマ　眺暇　〉眉　9唱　oQ1010．10．01　Samples一全一・　1一畳一　2一●一　3一∈h　401020304050　　　　　　　・1　　　　　　　　　）10001T（KFig。3−14　Electrical　conductivity　vs　l1T　plot　fbr　samples　1，2，3and　4．　　　（135000C；2：4900C；3：4500C；4；5300C．）一154一1017　り　自ε　ぎ彗1・16　§　82　01015Samples△　　10　2［コ　3o口Fitt童ng口1020304010001T（K層1）Fig．3−13　Measured　carrier　concentrations　as　a　fun¢tion　of　tempemturefbr　samp豆es　1，2and．3．　The写olid　1加es　represent山eわest　theoretical　fits．一155一�Fき．　§三蓑§自　　3102987654o日。　　口σ　　　□　OO　ロロ　　Oo　　　　　　　．口　　　　o　　　　　o　　　　　　　ooムムム△ム　ムロ　　ロ。　　　口　　o　　　　　口　　　o　　　　　　　口　　　　　o　　　　　　　　　b　　　　　　　◎　　　ロ　　　　　　　　　　　　ロ．　　　　　　　　　　o□．○△Samples123ムムムム口。．口0口0ム「「heoretical口。△口。口．o40．80一120160200．240280T（K）Fig．344．Hφ1ε互hobllities．琴s．af町。重16nρf　te卑per飢μre　fbr舶mples　112紐nd　3」Tbbsolid　lih6s誌士epresent　the6retic盆1豆y　calculated　Halhnobilities．一i56一noticeable　change　in　gradient（Fig．3−13），　and　it　is　concluded　that　two　separate　activation　centersare　responsible　for　these　two　regions．　Equation（5）will　be　applied　with　dif飴rent　sets　of　parametersfbf　dif飴rent　temperature　regions　of　the　fitting．　The　model　takes．account　of　the　temperaturedependence　of　the　Hall　factor　which　can　introduce　significant　a　error　as　pointed　out　by　many・uth・rs．6’27　Th…lid・u・v・・i・Fig．3−13跡・血・・e・ult・・f且tti・g，�pd・h・w・ag・・d・即eem・ntwith　the　experimental　data．　Using　the　parameters　obtained　by　fitting，　the　theoretical　HaU　mobihty　isalso　calculated，　and　the　calculated　results　are　shown　in　Fig．3−14．　Here　too　a　reasonably　good．agreement　between　the　theoretical　calculation　and　the　exper�qental　data　has　been　obtained（forsample　l　and　2），　and　the　slight　deviation　between　the　theoretical　fit　and　experimental　data　may　bepartly　due　to　the　scattering　of　the　dislocation，　because　of　high　latdce　mismatch（＞7％）betweenGaAs　substrate　and　GaSb，　and　partIy　due　to　the　impurity　conduction　which　may　have　significantef驚ct　on　the　mobility，　especially　at、a　low　temperature．　This　implies　that　the　values　of　1＞、，1＞ゴandE、obtained　by　fitting　are　reliable，　and　are　shown　in　Table　m．　　Wh且e　two　energy　Ievels　have　been　obtained　fbr　sample　1（17　and　64　meV）and　sample　2（13and　67　meV），　only　one　energy　level（21　meV）has　been　obtained　fbr　sample　3．　The　values　ofacUvaUon　energy　E、l　obtained．　are　in血e　range　of　13〜21　meV　and　are　close　to　those　obtained　byM・i・舳・’・1・（15・2−17・6�oV）25�pdJ・h…M・1・（10・5−16m・V）・13H・w・y・・，血・v・1…of　activation　energy　reported　by　Dutta　6’αZ．　are　much　higher　and　are　obtained　ffom　PL　analysis．in．contrast　to　those　of　Meinardi¢α」．　and　Johnsonθ∫α1．　which　were　obtained血om　fi猛ing　to　Hallmeasurement　data，　a　procedure　similar　to　ours．　In　general，　it　is　dif且cult　to　relate　the　PL　and　Hallef飴ct　measurement　results．　Since　the　electronic　transport　properties　are　determined　by　the　defects，these　can　control　the　position　of　the　Femi　leve1，　but．they　may　be　nom：adiation　centers．　ForexampIe，　low　temperatu：re　PL　spectra　of　undoped　GaSb．exhibits　20　transitions，28　but　only　1〜2activation　centers　for　this　material　were　obtained　ffom　H：all　data　analysis．　In　ref．11，　the　authorsuSed　activation　energy　oξPL　data（E。1＝31．2，　Ea2＝．102，　Ea3＝72　meV）fbr　their　fitting．　For　SUchdeep　energy　levels，�qpurity　potential　is　strongly　locahzed　and　the　efj�ttive　mass　approximation　is一157一not　suitable，　and　dley　are　not血e�o田ly　ionized　even　at　room　temperature（f6r・E、2　and　E、3）．Therefbre　the・results　of　H副l　eflもct　meaSufement　are　not．deter血ined．by　these　states．　The　dif偽rencebetween　the　thennal　activation　energy　and．血e　opUcal　activaUon　energy　can　be　easily　understood．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　19using血e　configuradon　coordinate　diagraln　of　this　Situation・　　　For　sample　3，　grown　at　a　lower　temperature，　although　a　good　fit　can　be　obtained　in　70　to　240Ktemperature　range．for　p　vs．1／7　curve，　the　theoretical　and　experimental　Hall　mobility　shows．．unreasonable　deviation．　We　believe　that　this　is　due　to　some　compensated　acceptors　existing　at　ashallower　level　than　the　principal　species　withゴa　smaller　concentration　than　the　total　concentrationof　aU　types　of　donors，・which　leads　to　an　underesth：nation　of　the　value　of．ノ＞4　by　the　standardanalyzing　proc6ss．　Therefbre，　an　approximate　value　of　1＞4　is　dete�oined　by　a（恥sting　its、　value　untilagood　fit　is　obtained　between　the　theoretical　and　experimental　Hall　mobihty　vs．　temperature　plot．Theゴresult　is　also　shown　ln　Table　IILmd　Fig。3−14．　We　observed　that血e　sample　3　shows　thelowest　donor　density．　It　seems　to　be　a　contradictory　result」In　fact，　in　order　to　obtain　the　exactfitdng　parameters　the　selFconsistent　method　should　be　used（which　satisfソboth　measured　Hallmobihty　and　carrier　density）・　　　F・rs御1・．4，9・・wh・t・�qgh・・t・mp・・at剥取・imp・d取・・nd・・d・ity　i・血・d・�u・�pt。。nd。・ti・n．　P・・cess・n・1肛9・t・mp・・a跡・・趾・g・（b・1・w　130　K）．　The曲且t・翻yze　b・thconcentration．and　mobiIity　ffom　Hall　data，　using　the　methods　described　above，　have　provedunsuccessful．This　has　b6en　explained　as　fbllows：when　the　impurity　concentration　is　increased　tothe　level　where　the　average　acceptor　separation　is　comparable　to　the　Bohr　radius　of　the　ground、t。t。，　du。　t6�p・v・・1・p・f　th・g・・und．・t・t・w・v・釦・・u・n　the　accept…leve1・f・mab・nd�pdimpu晦conducdon　6bcurs　in　parallel　with血e　no�o撮conduction　band　process．　As　a　result　ofacceptor．　ffeeze−out，�qpurity　conduction　may　easily　become　the　dominant　conductiqn　mechanism．On血e　other・hand，血e�o圃Coulo曲．　and　exchange　interacUons（the　overlap　of．血e　ground　statewave　fUnction）broaden　the　range　of　acceptor串tates，　so　the　activation　energy　of　acceptor　isdecreased．　But，　the　sarnple　demonStrates　lower　carrier　concentration　and　mobility，　which　indicates一158一that　the　compensation　is　so　heavy　that　hole　conduction　is　controlled　by　deep　level　acceptors．It　is　i・te・e・ti・g　t・・血dy　h・w　th・H副l　m・bili取versusτ・u・v・・sh・w・i・Fig・3−15，訓ters甲ithan　increase　in　the　compensating　donor　concentration　1＞d（or　compensation　ratio　1＞（／1鴇），　with　1＞、�pd左、k・pt・・n・tant（a　c・i�o・nN、＝10’7cm曽3，　and　E、＝12�oV冴e　assum・d）．　Fig。，e　3．16、h。w、the　theoretical　calculation　ofμ（77　K）vs．　p（77　K）with　the　compensation　ratio　IVd脚、　as　a　variablepar�oeter．　The　mobihty　abruptly　decreases．with　increasing　compensati6n　ratio　and　acceptorconcentration．　Mobilides　of　2000−5000　cm2V　l　s−lf6r　1017−1015cm’3　hole　concentrations，　at　77　Khave　been　reported　by　many　authors．29’30　Comparing　these　results　to　the　results　obtained　bytheoretical　calculations，　we　can　conclude　that　electrical　transport　of　GaSb　is　affected．by　high　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　’compensating　donor　concentration．一159一富・孕三編・§目　310543298765ノ〉洲。＝0．20．40．650100150200250300T（K）Fig．3・15　TheeoreticaHy　c紐1culated　Ha皿mobilitys　showing　the　　temper舞ture　dependence　of　the　carrier　concentr3tion血｝r　variousN汎・・mp・n・ati・n・ati・・，　an帆＝1×1017　c�u3，　E。＝12　m・V．一160一富き．量言§蚕毒765432　410　　9　　8　　7　　6　　5　　4　　31032Nd1Na＝　0．2　　　　　　0．3　　　　　　0．4　　　　　　0．5　　　　　　0．61013101410151016H・1e　c・ncentrati。n（cm’3）Fig．3−18　The　dependence　of　Hall　mobility　on　free　hole　concentmtion　fbrvarious　compensation　at　77　K，　while　Ea＝12　meV一161一Table　I正．　Hall　measurements　results　at　300　K　and　77　K　of　GaSb　growthat　various　temperatures．Sample　　Growthtemperature　　（OC）300Kρ（cm’3）77Kμ（cm2／Vs）．ρ（cm−3）μ（cm2／Vs）125004904．14×10167．0×10165305054．72×10151．2×10162418224234502．25×10エ73624．22×101611434．5302．81×10163173．98×1015638　Table　HI．　Values　6f　parameters　obtained　by　theoreticaI負tting　and　calculation　fbr　dif『erent　undoped　GaSb　samplesSample醜1（cm3）醜2（cm3）ハ急（cm−3）Ea　l（meV）Ea2（卑eV）1236．7×10161．65×1017・2．8×10172．73×10167．53×10164．6×10166．2×10161．5×10161713216467一162一3．5Photoluminescence　measurement　　Photoluminescence（PL）is　a　non−destructive　spectroscopic　tec�qique　fbr　analyzing　both　dleintrinsic　and　the　exthnsic　properties　of　semiconductors．　PL　concerns　the　radiation　emitted　by　ac琢stal　after　optical　excitation．　In　particular，　it　regards　the　radiative　recombination　paths　ofphotoexcited　electron−hole　pairs．　PL　provides　infb�oation　mainly　on　minority　carlier　propertiesand，　thus，　it　is　complementary　to　electdcal　charactehza虚on　tec�qiques．PL・fund・P・d　b・1kG・Sb　g・・wth廿・m・・1・d・n　h・・b・ρ・・加di・dby　m�py・uth・rs・31’36　Th・unintentionally　doped　GaSb　grown　by　most　epitaxial　techniques　is　naturallyρtype　with　a　holeconcentration　higher　than　1×1017　cm−3，　and　the　low−temperature　PL　was　dominated　byrecombination　at　the　native　acceptor　via　band−acceptor　or　donor−acceptor　pah’transitions．　Thepeak　energy　of　thiS　transition　was　777．5　meV．　When　the　grown　ffom　an　Sb−rich　melt，　the　PLwas　dominated　by　the　band−related　transition　at　796　meV．　A皿good　quality，　material　also　showedapeak　at　810　meV　corresponding　to　the　free　exciton　transition，．indicating　high　optical　quality．The　Iow−temperature　PL　spectra　of　GaSb　has　been　intensively　studied，　it　exhibits　manytransitions　in　the　energy　range　of　680−810　meV，　listed　in　Table　IV．37　　The　PL　spectra　were　obtained　in　a　l　m　Spex　grating　spectrometサr．　The　excitation　source　wasthe　514　nm　line　of　Im　A亡＋laser，　m田dmum　power　500　mW．　The　homlally　incident　laser　beamwas　focused　onto　the　surface　of　the　sample　in　a　spot．　Luminescence　was　detected　using　a　NorthCoast　ge�oanium　detector　cooled　to　77　K，　used　wi血conven丘on副Iock−in　tec�qiques．　Thes�oples　i�oersed　in　liquid　helium　at　4．2　K．　　Figure　3−17　shows　PL　spectra　obtained　ffom　homoepitaKial　three　samples　with　diff6rentgrowth　temperature．　The　spectrum　are　typical　of　GaSb　grown　under　an　antimony　stableconditions　and一163一Table　rV．　Low　te茸lperature　PL色atures　previously　observed　in　unitentionally　doped　GaSb．The　notation　is　that　used　in　the　literature．Energy（m　eV）TransitionNotation810Free　excitonFE808．7Unidentified807．95Unidentified805．4Exciton　bound　to　neutral　acceptorBE1803．4Exciton　bound　to．獅?ｕｔｒａｌ　acceptorBE2800．1Exciton．　bound　to　neqtral　acceptorBE3796．1Exc彗Qn　bound　to　neutral　acceptor．BE4795Unidentified77ツ．5．Residual　acごeptorA．765LO　phonon　replica　of　BE4BE4　LO758AcceptorB752bnidentified748．5Lo　ph6non　replica　of　AALO728LO　phOnon　replica　of　BBLO722Unresolved710Second　ionization．　level　of　acceptor　AC694Unidentif童ed682LO　phonon　replica　of．CCLO680Unidentified一1．64一今6　既唱ω口��り印　＿　　　　．売oρ一　，■，　　　1，　　　1∠　　　ガ　　タ　　！ノ．イノ’All×0．511G・・wth　t・mp．ll＼5。。・C　　　　　　l18：ぎ／・、l！l　　　　虞　　　　、、発、．で・、／・＼＼　　＼＼　　、．　　　　　　　　＼　　亀　　　　　　　　　　　　　　、BE4　　　ズ　BE2と」一、＼　　　　　　　　　　　　　　　　　　　　　　　　　ロ　　　　　、、、　　　　　　　　、、　　　　　　　　　　、、、D0．770．780．790．800．81Photon　Energy（eV）Fig．3−17　The　PL　of　ho］叩oepitaxi紐1　GaSb　layer　showing　varioustransitions　observed　in　good−quality　materia1。（Spectrum　　taken琴t　4．2　K）一165一show　the　various　transitions　which　have　been　observed　in　good　quality　materials．　The　dominantrecombination　mechani5m　proceeded　via　the　residual　acceptor　A，　at　777。5　meV，　fbr　aU　thesamples．　It　can　be　seen　ffom　the　Fig．3−17　that　the　spectra　obtained　ffom垣gher　growthtemperature，　a　series　bound　exciton　transitions　and　recombination　at　the　neutral　acceptor　level　as．・ug9・・t・d　by　m�py・uth・・．　B・t　w・did　h・t・b・ew・dζ・y　ph・n・n・eplica・鉛・th・・eluminescence．　It　is　worth　noting　here　that　the　f士Oe　excito取recom：bination．is　not　observed　in　thatsamples．　But　a　exciton　bound　to　donor（D）is　clearly　seen，　this　mean　our　samples，　which　grownat　higher　temperature，　have　very　good　crystal　quality，　because　the　exciton　bound　en6rgy　is　verysmall　fbr　thi忌material．　For　the　s�ople　growth　at　5000C，　a　strong　and　narrow　A　p6ek　is・b・e・v・d・i…ea・i・g　th・g・gwth　t・mp・・a加「e・曲�psidgn　pe雄s　b�tome　we欲�pd　b「oaden・Fo「血esampl・g・・wth・t　l・面・・t・mp・・at・・e，・u�ud・nti貸・dせ�p・iti・n　lgcat・d・t　786　m・V　m・y　b・d・・to　the　f｝ee　electron　to　agceptor　recombination．　The　bound　exciton　recombination　BE4　and　D　didnot　observe．3．61・VMeasurements　　3・6．1Analy寧is．mβtllod　　I−Vmeasurements　are　widely　used　to　characterize　the　barrier　h6ight，　carrier　transportmechanisms，　and　interface　states　in　Schottky　barriers　and　p−n　junctions．37璽39　The　extraction　of　thediode　parameters　is　usu副ly　complicated　by　their　voltage　and　the　presence　of　series　resistance．Due　to　the　relative　high　undoped　carrier　concentration　and　narrow　band−gap，　the　leakage　currentof　the　GaSb　Schottky　diodes　and　p−n　junction　are　relative　large．　The　dark　current　of　aphotodetector　usually　increases　with　temperature　and　has　to　be　suppressed　in　order　to　operate　thephotodetectors　at　high　temperature．　In　addition，　fbr　narrow−band　gap　semiconductors　such　as一166一InSb，　InAs　alld　GaSb，’the　surface　state　due　to　material　or　process　induced　defbcts　may　causeserious　shunt　leakage　current．　　The　current　transport　in　n＋一p　rectifンing　contacts　is　mainly　due　to　m勾ority　carriers．　The　variousc�o「ent　components　occurrmg　at　p−n　Junctlons　are：　　1）diffUsion　currents，　　2）space−charge　recombination　currents，　　3）tunneling　currents　and　　4）pe血1eter　currents　comected　with　surface　recombination．A面gh　fo酬肛d−bi・・th・d・�u・�pt・a出・dve　c町・nt　i・dif釦・i・n・uπr・t・wh・・ea・rP・・e−ch肛9・rec6mbination　and　tunneling　currehts　contribute　htde　to　total　current．　Perimeter　currentsinvolving　surfヨce　reconibination　are　non−radiative．　　The　diffusion　theory　of　Shockley37predicts　the　fbllowing　voltage　dependence　of　the　dif蝕sioncurrent　density：」一！。［・xp（・脈丁）一1］　　（3．6．1）　　Experimental　observation　is　mad亭dif丘cult　usually　by　series−resistance　effbcts　which　influencethe　1−Vcharacteristics　at　high　forward−bias．　　Current　components　due　to　space−charge　recombination　becgme　important　whenrecombination　centers　are　present　within　the　space−charge　region．　B　y　applyingSh・cH・y−Read−H組1・t・ti・ti・・t・・p・・e−ch飢9・・ec・血binati・n・th・bll・wi・g・e1・ti・n・叩b・obtained　fbr　the　space　charge　recombination　current　density：　　！＝Jro［exp（εV／2ん：Zっ一1】　　　　　　　　　（3。6−2）　　Surface　recornbination　will　occur　at　the　perimeter　of　a　p−n　junction，　if　we　define　an　e脆ctivewidth，　L，，　where　surface　recombination　takes　place，　the　perimeter　current　can　be　expressed　bythe　surface　recombination　velocity，∫，　and　the　diode　perimeter，　　1、＝5・jL，η、p［6xp（6V／ηん7）一1］　　　　　　　　　（3．6−3）一167一　　For　low　bias，　the　ideahty　factor　in　Eq．（3−6．3）isηま2，　the　s�oe　as　for’bulk　space−chargerecombination．　　At　very　low　bias，　temp『rature−hldependent　sIopes　may　be　observed，　which　is　indicative　oftunnel　6r　leakage　currents．　For　the　tunnel　current，　we　3dopt　the　algebraic　equation　derived　the　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　39−411−Vcharacterisdcs　of　a　tu�oel　diode　and　may　be　write　it　as」一1，（v／v　　P）・xp（1一吻　　（3・6−4）wh・・e％i・th・v・lt・ge　at血・m翻m�o飴・w飢d加m・li・g・uπ・nt．den・i叫�pd　V　i・th・apPlied　voltage．　　An　experimental　study　of　the　current　flow　across　p−n　jdnction　iS　easily　done　by　evaluating　theslopes　in　a　lnJ　ve士sus　voltage　plot　at　dif飴rent　temperature．　By　determining　the”ideality　factor”，η，in牢he　exponen廿al　relationship・　　　　　　　9　4vηニ�７4（In1）　　（3・6−5）　　one　can　usually　di価erentiate　between　diffUsion　current（η＝1）observed　at　high　biases，　andspace−charge　recombination　curreht（η＝2）at　low　biases．　there　are　p−n　junctions，　however，　whereηlies　between　l　and　2．　　This”2んTcurrent”is　ex⇔e］血nentally　observed　at　low　biases　in　the　I−V　characteristics．3．6．乞Experim・bt　and・esults　　The　GaSb　epitaxial　layers　were　grown　by　MBE　on　Te　doped　LEP　n−type　GaSb（001）substrates．　Prior　to　the　growth，　substrates　were　etched　Iightly　by　a　solution　ofHF−NHO3−CH3　COOH，　rinsed　in　de−ionized　water，　and　blow　dried．　To　remove　surface　oxides，血。、ub、捷。t・t・即・・a膿w…樋・ed曲・v・6000C　und・士Sb、且ux．　A負・・thi・，・3μm　und・P・dGaSb且�qs（Hrecdy　grown　on　LPE　undoped　GaSb　substrates，血en　O．5μm　GaTe−doped　n＋一二pe一168一GaSb　were　grown　by　MBE．　Growth　temperature　was　about　5000C　with　a　growth　rate　of　O．8μnソhunder　Sb4／Ga　BEP　ratio　6，　as　measured　with　an　ionization　gauge　in　the　growth　position．Su�uace　reconstruction　during　growth　was　monitored　by　regection，　high−energy　electrondif丘action（RHEED）．　Under　this　growth　conditions，　a（1×3）pattem　was　consistently　obtained．　　Since　G・Sb・u・魚ceπe　ea・ily・xidized・血・．9・・w・・ampl・・w・・e　i皿ersed　i・m・山飢・lbefbre　processing．　Ohmic　electrodes　with　a　150μm　diameter　were　fabricated　by　evaporatingAu−Ge−Ni　alloy　on　the　n−type　epilayer　through　a　dotted　mask．　In　was　used　as　the　p−typeelectrode．　A丘er　the　deposition　processes，　the　s�oples　were　amealed　fbr　30　s　at　3000C　innitrogen　atmosphere．　　A．Reverse　current　　The　results　of　reverse　currents　versus　inverse　temperature　at　diffbrent　biases　are　shown　in　Fig．3−18．The　almost　constancy　of　reverse　cunient　at　Iow　temperature�qphes　the　that　dominantmechanics　at　this　temperatuIe　range　is　due　to　tunneling．　The　tu皿ehng　cur跡ent　is　caused　byelectrons　tunnehng　ffom　p−type　valence　band　to　n−type　conduction　band．　　At　around　300　K，　the　diffUsion　current　is　dominant．　The　equation　for　the　reverse　diffusionCUrrent　iS　Written　aS37　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，圃〔造＋煮〕・xp〔　E＿＿旦　ん7▼〕’（3碕．　　where　A／is　cross　section　area，1＞、　is　the　p−type　acceptor　density　while　2＞ゴis　n−type　donordensity・ηi　is　血e　intrinsic　carrier　concen健ation・and　E8　is　the　band　gap　energy　of　thesemiconductor．　D　represents　the　diffusion　coefficient，　and　L　represent　the　diffUsion　length．　Theband　gap　energy　can　be　calculated　ffom　the　slope　of　log（1R）vs　inverse　temperature．　The　derivedband　gap　energy　is　O．8　eV，　it　is　agreement　with　true　value　O．72　eV．Equation　3。6−4　is　used　to　describe　the　tunnel　c�oent　characteristics　of　our　two　diodes　at　reverse一169一　＜）り鎖�@』⇔霧お乙1σ510”61σ710−810−910−10／E・＝0・8・VV＝2（V）V＝1（V）V＝0．2（V＞V＝0．03（V）51015202530　　　　　　　・1　　　　　　　　）10001T（KFig．3−18　The　reverse　current　versus　inverse　temperature飢　　　dif6erent　biases．一170一　ミぎ§§§10”510−610’71σ810−910−lo300280250K21580K．40K＼　　　32K0．51．0・1．52．02．53．0Voltage（V）Fig．3・19　Conductance　vs　reverse　bi劉s　voltage　at　dif艶renttemperatures・一171一　＜ご5自き宮窪畠　　一310　　−410　　−510　　−610　　−710　　−810　　−910　−1010　−1110280耳＼190K　　　n＝6　　　　80K＼40K　　　　　　0．0　　　0．3　　　0．4　　　0．6　　　0。8　　　1。0　　　1．2・　　1．4　　　　　　　　　　　　　　　　　　Forward　Bias（V）：Fig．3・20　Forward　current　vs　bias　voltage　at　diflbrent　temperatllres．一172一bias．　The　variation　of　the．　conductance　IR鑑with　the．　reverse　bias協is　conta�qed　in．theexponential　factor　exl〜（1＋マ：　）・The　s（｝m丑09　Plots　of　the　IR／y　vs・Vof　1μnnel　current　should　bes画ght　li…th・・e・ult　w・・e・h・w・i・．Fig・3−19・Wh・n　t・mp・・a加・e戸・1・w　280　K・・t…yl鍵9・bias　region　the　tunnel　current　is　dominant．　And　above　215　K　the　thermal　diffusion　culrent　aredominant．　　B．Forward　current　　Figure　3−20　shows　the　results　of　fbrward　currents　vs．　bias　voltage　at　different　temperatures．At　low　biζs，　a　temperature−ind亭pendent　slope　is　observOd，　It　mea珊tしmn年Ihng　current　isdorninant．　　With　temperature　increasing，　the　space　reco血bination　c�o．ent　and　diffUsion　current　shift　tolowgr　bias，　and　surpass　the　tunneling　current，　these　cμrrents　are　masked　by　series−resistanceeffects．　As　temperature　increasing　up　to　300　K，　the　t轟e�oal　diffusion　current　becomes　dominant．From　the　Fig．3−19　and　Fig．3−20Ψe　can　conclude　that　the　tumel　c�oeut　is　impor厩mt　source　ofdark　current　for　GaSb　p−n　junction　at　Iower　temperature，　which　may　be　due　to　highunhltentionaUy　doped，　and　the　Te　doped　GaSb　concentration．　a　Iarge　ideality　factgr　was　obtainedat　high　bais　voltagサ，　it　was　Caused　by　the　prサsence　of　series　resistance．44一173一3．7．Conclusions　　Variable　temperature，　HalI−ef飴ct　measurements　have　been　ca�ued．out　on　several　undopedG・Sb・ampl・・gf・w・by　MBE，　It　i・bun曲・t血e　e1�t頃・創P・・P・丘i…fG・Sb・pil・y…strongly　depend　on．　growth−temperature．　High　residual　i卑purity　concentration　and　highcompensation　ratio　are　observed　for　lower　and　higher　growth　temperatures，　respectively。Jn　suchsampIes　the　residual　impurity　conduction　may　bp　a　dominant　conduction　mechanism　at　lowtemperatures，�pd血e　co�oon　method　of　cuwe丘tting　to　concen症a廿on　vs．117　c�oe’may　givewrong　results；therefbre，　the　analysis　of　mobility　vs．　T　data　has　been　calried　out．　In　addition，　theele6trical　transport　proP6rues』of　Gasb　are．analyzed　in　energy　dependent　re！axation　scatteringprocesses　and　it　is　demonstrated　that　device　usage　of　GaSb　is　Hmited　by　high　residual　impurityconcentration　as　wdl哀s　high　compensation　ratio．　　PL　sかectra，　a　ghe】中hne　at　7775血eV　which　is　due　to　residual　A，　and　a　exciton　bound　to．don6r（D）is　clearly　s66n，　these　imphes　that　our　samples，1which　grown　at　higher　temperature（5000C），　have　very　good　crystal．quality，　because　the　bound　energy　of　donor　excitoh　is　very．small　fbr　this　material．Th・．t・即・・a雛・d・p・nd・nt　I−v・h肛act・d・ti・・ih　b・lk．・f　G・sb　p−njun・ti・ns飢・mea・血6d鋤danalyzed．　At　reverse　bias，　the　ttmnel　cufrent　is　domihant　at　a　large　te血p6ralure　region．　The　largeleakage　current　is　mainly　caused　by　tu�oel　currentl　The　diffusion　current　suq）asses　the　tunnelcunent　at　high　temperature　and　high　bias　of　both　fbrward　and　reverse　voltage．一1．74一　　Appendix　　The　fbmユulae　used　to　calculate　the　diffbrent　scattering　mechanisms　are　taken　from走he　ref．6with　some　corrections．　Equation（9）of　ref．6is，τ、＝1／・1＋1／・委　　This　equation　is　changed　to　　　　　　　　　　1　　τπ＝　此　　北　　　　　　　5，，十5ゲ　　which　is　the　correct　form，To　c訓culate　ionized　impuriW　scattering，血e　fbllowing飴�oula　is　used・・＝　　This　equation　is　the　same　as　eq．（A6）of　ref．6if　we　assume　that　light　and　heavy　holes　havethe　same　effbctive　mass，　but　in　our　case配1＝6配2，　while配1二配2　is　hot　a　reasonable　a忘sumption．一175一ReferencesID．　c．　Look，　Electdcal　charactedzati6n　of　GaAs　Matedals　and．　Devices（wiley，　New　York，1998）．2P．　Blood，　J．　W　Orton，　The　electrical　characterization　of　semiconductors，　Rbp．　Prog．　Phys．，41，157，（1978）．3B．　R．　N・g，　Elec柱・n　T・an・p・丘i・C・mp・und　S・mi・・nd・bt・rs，　Sp・i・ger−V・・1・g，　B・・li・（1980）．4D．　C．　Look，　D．　K，　LorImce，　J．　R．　Sizelove，　C．　E．　Stutz，　K．　R．　Evans，　and　D．　W．　Whitson，J．AppL　Phys．71，260（1992）．5J．　D．　Wiley，　hl　3αη∫coη伽。∫or5伽45θ纏配θ∫α15，　edited　by　R．　K．　Willardson　and　Ai　C．Beer（Academic，　New　York，1975），　Vo1．10，　Chap。2．lM．．　W・nze｝，　G．丘m・・，�pd　J・M・neck・，　J・ApPl・Phy・・81・7819（1997）・7M．　Costato　and　L．　Reggiani，　Phys．　Stat．　So1．（b）58，47（1973）．8J．　D．　Wiley，　Phys．　Rev．　B4，2485（1957）．9E．0．　Kane，　J．　Phys．　Chem．　Solids　1，249（1957）．10j．　S　aito，　E．　Tokumitsu，　T．　Akatsuka，　M．】距yauchi，　T．　Yamada，　M．　Konagai，　and　K．Takahashi，　J．　Appl．　Phys．64，3975（1988）．11cutta，　Bhat，　and　Kumar，　J．　Appl．　Phys．，81，5822（1997）．12eor　a　recent　review，　see　A．G．　Milnes　and　A．Y．　Polyakov，　Solid−State　Electron．36，806（1993）．13f　R　Johnson，　B　C．Caventt，　T　M　Kerr，　P　B　Kirby　and　C　E　C　Wood，　Semicond．　Sd．Tec�qol．3，1157（1988）．14b．　D．　Kourkoutas，　P．　D．　B　ekris，　G．　J．　Papaioannou　and　P．　C．　Euthmiou，　Solid　StateCo�oun．49，1071（1994）．一176一15M．ELee，　DJ．　Nicholas，　K．　E　Singer，　and　B．　Ha畑lton，　J．　Appl．．　Phys．59，2895〈1986）16`．　Y・．　V・1�dG．　L．　Bi・，・nd　Y・．　V．　S�q韻・ev，．S・v．　P員y・．　S・mi・・nd．4，2005（1971）17M．E．　Lee，1．　Poole，　W．　S．　Truscott，1．　R　CIeverley，　and　K．　E　Singer，　J．　Appl．　Phys．68，131（1990）．18o．　S．　Dutta，　V．　Prasad，　and　H．　L．　B　hat，　J．　Appl．　Phys．80，2847（1996）．且9　B．K．　Ridley，　in　9〃壷口彫Procε∬ε5’η5θ而coη伽α0733rd　ed．（Oxfbrd　ScienOe，1993），Chap．6．20M．H．　Maaren，　J．　Phys．　Chem　Solids　27，472（1966）．21H．N．　Lei色r　and　W．　C．　Jr．　Dunlζp，　Phys．　Rev．．95，51（1954）．22　G．Benoit　and　P．　Lavallard，　J．　Phys．　Chem．　Solids　31，411（1970）．23　RD．　Baxter，　R．　T．　Bate　and　FJ．　Reid，　Phys．　Chem．　Solids　26，41．（1964）．24　K．Nakashima，　Japan．　J．　Appl，　Phys．20，1085（1989）．25i．　S．　Blakemore，　Semiconductor　Statistics（Pergamon，　New　York，1962＞．26c．　C．　Look，　P．　C．　Colter，　Phys．　Rev．　B　24，1153（1983）．27EMeinardi，’A．　Parisini　and　L　Tarricone，　Senicond．　Sci．　Technol．8，1985（1993）．28M．Lee，　D．　J．　Nicholas，　K．　E．　Singer，　and　B．　Hamilton，　J．　AppL　Phys．59，2895（1986）．29A．Baraldi，　C．　Ghezzi，　R．　Magnanini，　A．　Parisini，　L．　Tarricone，　A．　Bosacchi，　S．　Fran6hi，V．Avanzini　and　P．　Allegri，　Materials　Science　and　Engineering　B　28，174（1994）．30C．W．　Tumer，　S．」．　Eglash　Imd　A．　J．　Strauss，　J．　Vac．　Sci．　Technol．6，45（1993）．31e．　AuzeI．　Proc．　IEEE　61，758（1973）．32R．A．　Noack，　W．　Ruhle　and　T．　N．　Morgan，　Phys．　Rev．　B　5，．4900（1972）．33D．J．　Nicholas，　M．　Lee，　B．　Hamilton　and　K．E　Singer，　J．　Crystal　Growth，81，298（1987）．34v．　Jakowetz，　W．　Ruhle，　K．　Breuninger｛md　M．　Pilkuhn，　Phys．　Status　Solidi，　a12，169（1972）．35v．　Ruhle，　W．　Jakowetz，　C．　Wolk，　R．　Limebach　and　M．　Pilku�q，　Phys．　Status　Solidi，b73，255（1976）．一177一36P随．Lee，　D．　J．　Nichola白，　K，　E．　Singer　and　B．　Hamilton，　J．　AppL・Phys．59，2256（1986）．37d．　H．　Rhoderick　Imd　R．　H．　Williams，　Mθ∫αZ−5ε纏coη伽。∫07　Co脚。’3（Clarendon，　Oxfbrd，1988）．38c．　K．　Shroder，5αη∫coηぬ。’orム4α彪rlα」αη4　Dθvlcεααr側8r∫初∫oη（Wiley，　New　York，1’990）．39r．　M．　Sze，　Pんy∫εc3σ58加coη伽。∫or　Dθvlcθ∫（Wiley，　New　York，1981），40r．　M．　Sze，　Phy∫’c5σ5αηlcoη伽。∫07　Dθv’cε∫（Wiley，　New　York，1969）．41i．　F．　Chen　and　A．　Y．　Cho，」．　Appl．　Phys．70，277（1991）．42d．0．　Kane，　J．　Appl．　Phys．32，83（1961）．43s．　A．　Delnassa　and　D．　P．　Knott，　Solid−State　Electron．13，131（1970），44e．　H．　Mitchell，　Electron．　Ind．10，96（1961）．一178一

