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Measurements were made of the spatial gain of helical waves in Ge crystals compressed and stretched 
along the < I l l )  direction. At frequencies corresponding to the maximum amplification, the value of the 
gain increased (decreased) in n-type samples and decreased (increased) in p-type samples as a result of 
elongation (compression). The results are attributed to a change in the velocity of the ambipolar drift of 
helical waves in the course of intervalley redistribution of electrons caused by the deformation. The 
calculated values of the gain are in qualitative agreement with the experimental data. Analogies with 
gaseous plasma are pointed out. 

PACS numbers: 77.60. + v 

1. The absolute instability of helical waves (oscilla- 
tion regime) was first observed in the experiments of 
Ivanov and ~ y v k i n , ~ "  who discovered an instability of 
the current in Ge samples subjected to a sufficiently 
strong longitudinal magnetic field. The results of these 
experiments were explained by G l i ~ k s r n a n [ ~ ~  on the 
basis of the theory of helical instabilities developed 
by Kadomtsev and ~ e d o s p a s o v ~ ~ ~  for gaseous plasmas. 
The regime of spatial amplification of helical waves 
(convective instability) was first investigated by Hurwitz 
and ~ c ~ h o r t e r . ~ ~ '  This regime appears in the case 
of ambipolar drift of helical perturbations in the di- 
rection of an electric field and is characteristic of 
semiconductor plasmas when the drift velocity can be 
controlled by varying the ratio of the electron and hole 
densities through suitable doping of a sample. The 
phase velocity of helical waves is equal to the velocity 
of ambipolar drift. An increase in this phase velocity 
is accompanied by a reduction in the maximum value 
of the gain k in  and an increase in the frequency corres- 
ponding to the gain maximum (f = fm).c41 A considerable 
change in the ambipolar drift velocity results from an 
intervalley redistribution of electrons when the aniso- 
tropy of the electron mobility becomes important.cs1 

In this case, the drift occurs even when the densities 
of electrons and holes a r e  equal ( n = p ) .  The influences 
of this anisotropic drift resulting from such an inter- 
valley redistribution on the absolute instability of heli- 
cal waves was studied in detail by Bondar et u Z . [ ~ ]  in 
Ge and Si crystals. We shall show that this effect great- 
ly alters the nature of the spatial amplification of helical 
waves. 

A considerable intervalley redistribution of electrons 
in Ge occurs when a crystal is deformed along a (111) 
axis. The constant-energy surfaces of Ge near the 
bottom of the conduction band a re  four ellipsoids of rev- 
olution elongated along such (111) axes. Compression 
transfers electrons to a valley parallel to the direction 
of deformation and elongation removes electrons from 
this valley.[61 In the former case, the transverse mo- 
bility averages over all the valleys i s  greater than the 
longitudinal value (zel> cell), because the electrons a re  
transferred to a valley with a higher transverse mobil- 
ity, whereas, in the latter case, we have pet,> pel. An 
expression for the ambipolar mobility, which governs 
the drift velocity (v,= p,E), has the following form in 
the anisotropic casecs1 
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where y, is the hole mobility (a scalar quantity). Com- 
pression (elongation) of an n-type Ge crystal (n >p)  
should, in accordance with Eq. (I), increase (reduce) 
the drift velocity, whereas, in the case of ap-type 
sample (p  a n), the reverse should occur. The principal 
characteristics of spatial amplification of helical waves 
should change accordingly. For  example, in the case 
of n-type samples, the value of kim should decrease (in- 
crease) and the frequency f, should increase (decrease) 
on compression (elongation). In the case of p-type 
crystals, the values of k,, and f, should vary in oppo- 
site ways. The results of our experiments, carried out 
in weak magnetic fields hH/C<< 1) a re  in agreement 
with these predictions. In weak magnetic fields, the 
mobility anisotropy is entirely due to the intervalley 
redistribution of electons. 

2. Our measurements were carried out at room tem- 
perature on n- and p-type Ge with near-intrinsic con- 
ductivity ( p =  600 * cm and 5051 . cm, respectively, n =#). 
Our samples were rectangular slabs of 20 x 1 x 1 mm 
dimensions. One of the end contacts was ohmic and the 
other injecting. Carr iers  were injected electrically 
or optically. The distribution of the injected carr iers  
along the sample was determined by a microwave meth- 
od in the free and deformed states. This made it pos- 
sible to identify the cases of weak plasma density grad- 
ients along the sample and to check the quality of the 
contacts. Etching ensured a low surface recombination 
velocity (s G 50 cm/sec). The excitation of a signal 
and measurements of the amplitude of a helical wave 
were carried out using symmetric pairs of ohmic probes 
deposited along the length of a sample in steps of 1.5 
mm. Measurements of the gain were carried out using 
a small-amplitude signal s o  that the conditions were 
far  from saturation. 

The system employed in the probe method is shown 
schematically in Fig. 1. An electric field pulse (of dur- 
ation 1-2 msec) was applied to probes 1-1' simultan- 
eously with an exciting alternating voltage produced by 
a signal generator and passed through a transformer, 
which was amplitude-calibrated to ensure constancy of 
the voltage when the frequency was varied in the 10-200 
kHz range. The output signal from the other pairs of 
probes was recorded with the aid of an oscillograph. 

Figure 2 shows the resultant dependences of the gain 
[k, = 1-' ln(A,,,/A,,,), where I is the distance between the 
3-3' and 2-2' pairs of probes and A is the signal amp- 
litude] on the frequency, obtained for different values of 
compressive and tensile stresses applied along the (1 11) 
direction coinciding with the axis of the sample. We can 
clearly see that, in the case of n-type Ge (Fig. 2a), a 

FIG. 1. Schematic diagram of the apparatus used in measure- 
ments of the spatial gain by the probe method. 

FIG. 2. Spatial gain of helical waves measured on deformation 
of Ge crystals along the (Ill) direction at T = 300°K. a) Crys- 
tals of n-type Ge, p=60 0 .  cm, E = 3 5  V/cm, H -  6.5 kOe: 
0 )  P = 0 kg/cm2; A)  P = 330 kg/cm2 (compression); +) P = 3 3 0  
kg/cm2, 0 )  P = 660 kg/cm2 (tension). b) Crystals of $-type Ge, 
p = 5 0  Q a c m ,  E = 3 5  v/cm, H - 5  kOe: 0 ) P  =O kg/cm ; A )  P 
=400  kg/cm2 (compression); +) P =400  kg/cm2, El) P = 600 kg/ 
cm2 (tension). 

compressive s t ress  reduces the maximum gain k,, and 
shifts the frequency f m  toward higher values. Elonga- 
tion increases k,, and reduces f,. Opposite depen- 
dences a re  obtained for p-type Ge (Fig. 2b). Thus, the 
results of the measurement a re  in agreement with the 
above qualitative analysis. It should be pointed out that 
the deformation along a symmetric dirgction (loo), 
when there is no intervalley redistribution, causes no 
changes in the dependences k,(f). The bell-shaped fre- 
quency dependence of the gain (Fig. 2) essentially re- 
flects the nature of the change in the helical-wave in- 
crement (k, =v;'Imw) on the wave vector k,(k= k,+ ik,). 
For  small values of the wave vector (or frequency, be- 
cause k,= v;' ~ e w ) ,  the drift current causing an insta- 
bility is small but, for large values of the wave vector, 
there is a strong longitudinal diffusion which suppresses 
the helical waves. 

3 .  A calculation of the spatial gain was carried out 
for spherical helical waves14' within the framework of 
the two-valley model. I t  was assumed that an electron 
gas consists of two ensembles in which electrons have 
different mobilities along and across the electric field. 
In the first  ensemble (I) the mobilities y,, and p, cor- 
respond to the long and short axes of an ellipsoid of rev- 
olution. This ensemble i s  equivalent to a valley elong- 
ated along the (11 1) deformation axis. In the second en- 
semble (II), representing the other valleys, the mobil- 
ities pIleff and p,,, a r e  given by 

It was assumed that static electric and magnetic fields 
(k,,, ,H/c<< 1) were directed along the deformation axis. 
The calculations were carried out for a cylindrical 
sample with a low surface recombination velocity. Per- 
turbations were assumed to be of the form 

Ar=A,(r) e x p  (iot-irncp-ikz), 

where Im I= 1 (a helical wave). The procedure for ob- 
taining the dispersion relationship was the same a s  
that given in our earlier paper.c51 This relationship 
was analyzed earlier in respect of the absolute instabil- 
ity. We shall now give the main characteristics of the 

- spatial amplification of helical waves. 

793 Sov. Phys. JETP 47(4), April 1978 Bondar era/. 793 



The gain and threshold values of the magnetic field 
and frequency are  given by 

where 

Pea=(h%+plbff EN), P.L= (pliir+pLeffEri). 
(6) 

The following notation is used above: D, is the diffusion 
coefficient of holes; R is the radius of the sample; E is 
the electric field intensity; pa is defined by Eq. (1); 
$,,, = q t I I / ( q  + %,), where n,,,, a re  the electron den- 
sities in the ensembles. The relationships (3)-(5) a re  
derived on the assumption that 

In the absence of anisotropy (Sic,,= peL), Eqs. (3)-(5) 
reduce to the expressions obtained earlier.c43 The above 
above calculations assume the r e l a t i o n ~ h i p ~ ~ ~  

which represents the degree of redistribution of elec- 
trons on the application of a s t ress  P. In Eq. (7), 
2;" = 18 eV (deformation potential constant), c, = 0.67 
X 10'' dyn/cm2 (elastic constant), and T is the temper- 
ature of the crystal. 

In analyzing the dispersion relationship, allowance 
was only made for the first two terms of the expansion 
in terms of the small imaginary argument of the Bessel 
functions, representing the solutions of the initial equa- 
tions for the density and potential  perturbation^.^^] This 
procedure was justified in the range of low frequencies 
(small wave vectors) when 

Figure 3 shows the calculated frequency dependences 
of k, for the cases of compressive and tensile deforma- 
tion of n- and p-type Ge samples. The agreement with 
the experimental data (Fig. 2) is both qualitative and 
quantitative. Deterioration in the quantitative agreement 

FIG. 3. Spatial gain of helical waves calculated for the defor- 
mation of Ge crystals along the (110 direction at 300% 
( E = 2 5  ~ / c m ,  H = 5  kOe). a)  Crystals of n-type Ge, n/p= 1.3: 
1) P = 0 kg/cm2; 2 ) P  =300 kg/cm2 (compression); 3) P =300 
kg/cm2; 4 ) P  = 600 kg/cm2 (tension). b )  Crystals of p-type Ge, 
n/p = 0.7; the curves have the same meaning as  in Fig. 3a. 

at high frequencies is due to the fact that the condition 
(8) is not satisfied accurately and this condition is used 
in the derivation of the analytic results. I t  should be 
pointed out that, in the case of the ca r r i e r  mobility an- 
isotropy, the regime of spatial amplification of helical 
waves appears even in a neutral plasma ( n = p )  because, 
in accordance with Eq. (I), there is ambipolar drift 
even in this case. Therefore, in strong magnetic fields, 
which give rise to anisotropy of the electron mobility, 
the regime of spatial amplification of helical waves 
should also appear in the plasma of a positive column 
of a gaseous discharge. This regime of a helical insta- 
bility, preceding the well-known absolute instability,c3v81 
has hardly been investigated for gaseous plasmas. 

The authors a re  deeply grateful to 0. G. ~ a r b e r  fo r  
his interest and valuable comments. 
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