
Germanium hot-hole cyclotron-resonance maser with negative effective hole 
masses 

A. A. Andronov, A. M. Belyantsev, V. I. Gavrilenko, E. P. Dodin, E. F. Krasil'nik, 
V. V. Nikonorov, S. A. Pavlov, and M. M. Shvarts 

Institute of Applied Physics, Academy of Sciences of the USSR 
(Submitted 9 August 1985) 
Zh. Eksp. Teor. Fiz. 90, 367-384 (January 1986) 

The physical principles underlying the occurrence of a population inversion and a negative differ- 
ential conductivity of germanium hot holes at low temperatures in strong electric fields are set 
forth. Attention is focused on the conductivity of germanium hot holes at a cyclotron resonance in 
fields HllEll [OOl]. Under these conditions, stimulated emission has been achieved in the short- 
wave part of the millimeter wavelength range and in the submillimeter range. Experiments on the 
output characteristics of a germanium hot-hole cyclotron-resonance maser with negative effec- 
tive hole masses are reported. The first experiments on the use of this maser for spectroscopic 
studies of semiconductors are also reported. 

1. INTRODUCTION 

Hot carriers (electrons and holes) in semiconductors 
have attracted considerable interest because of their possible 
use in active devices in solid-state microwave electronics, 
e.g., oscillators and amplifiers. Such hot-electron devices as 
IMPATT diodes and Gunn-effect devices have made it pos- 
sible to extend active systems of solid-state microwave elec- 
tronics to wavelengths as short as A - 1 mm. Recent experi- 
ments'-'indicate that it will be possible to develop 
hot-carrier devices for even shorter wavelengths, into the 
mid-IR range. Such devices would operate by virtue of the 
negative differential volume conductivity of hot carriers in 
semiconductors, which arises from a population inversion of 
carriers in strong electric and magnetic fields. In the present 
paper we discuss the physical principles underlying the oper- 
ation of one such device, a germanium hot-hole cyclotron- 
resonance maser with negative effective hole masses. We 
also report theoretical and experimental studies of this ma- 
ser. 

Although a negative effective mass amplifier and gener- 
ator (NEMAG) based on the charge carriers (holes) inp- 
type semiconductors were suggested by Kromer6 back in 
1958, it was not until 1984 that lasing was actually 
a~hieved .~  Despite this delay of more than a quarter of a 
century in actual implementation in a device, the NEMAG 
idea has done much to stimulate research on hot carriers and 
a search for conditions for achieving a negative differential 
conductivity in semiconductors (see, for example, the re- 
view in Ref. 7).  After the lapse of so many years we can only 
speculate on why the work on NEMAG was essentially halt- 
ed back in the mid-1960s. The most likely reason is that 
Kromer's suggestion was not sufficiently specific. The role 
played by the population inversion of holes in the appear- 
ance of a negative differential conductivity was not fully un- 
derstood, although the need for an inversion for a negative 
differential conductivity in NEMAG was pointed ~ u t . ~ . ~  At 
the time, no detailed calculations had been carried out on the 
distributions and conductivity of hotholes. The conditions 
for achieving an inversion in the hole distribution and for 

achieving a negative differential conductivity were thus not 
completely clear. In fact, there was point of views which held 
that an inversion could not occur in the distribution of hot 
carriers. 

Interest in NEMAG revived as a result of the progress 
achieved over the past 7-10 years toward an understanding 
of the conditions for the occurrence of an inversion in the 
distribution of hot carriers and the possible use of this inver- 
sion in active systems. In the present paper we will focus on 
the cyclotron version of NEMAG in ElIH fields; this version 
has been realized in practice. For a complete picture, how- 
ever, we will also theoretically examine the original version 
of NEMAG, without a magnetic field. 

2. NEGATIVE DIFFERENTIAL CONDUCTIVITY IN A STRONG 
ELECTRIC FIELD WITH E11[001] 

Kromer's idea%as to use ap-type semiconductor ( p- 
Ge,p-Si, e t ~ .  ) to generate and amplify electromagnetic oscil- 
lations. In the semiconductor, the degeneracy of the valence 
bands would make the dispersion for heavy holes anisotrop- 
ic, so that there would be certain directions along which the 
transverse effective mass of the holes would be negative. In 
momentum space, the regions of negative effective masses 
are cones along [001 ] axes or rings with a corrugated surface 
formed when such cones coalesce" (Refs. 6 and 10). If a 
field E,  is applied to the semiconductor in a direction along 
which the effective mass of some of the holes is negative, the 
current j of the holes will slow in the direction opposite the 
field; the field will perform negative work on the holes: 

Here E ,  U, andp are the energy, velocity, and quasimomen- 
tum of the holes. Figure la  shows the intersection of the 
constant-energy surface of the Ge heavy holes, 
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E ,  f; arb. units FIG. 1. a: Regions of a negative effective mass, rn;;", in the 

< 0 py = 0 plane in momentum space and contour lines of a uni- 
form distribution of germanium heavy holes during stream- 

'! ing in a static field E z 1 2 0  V/cm (Ref. 21). f, (arbitrary 
units): 1-4.8; 2 4 . 6 ;  3 4 . 2 ;  4-4.1. b: The energy E (1)  
and the distribution function f (2)  during the streaming of 
Ge heavy holes versus the transverse momentum ( E  = 120 
V/cm,p, /p, = 0 . 7 , ~ ~  = 0) .  The hatched region is the region 

- 1 , -0.5 0 0,5 f of an inversion of the distribution function, with ~3 f /&> 0. 

%lp, 

E(  p )  = const, with the plane py = 0 in momentum space. 
The dashed lines are the boundaries of the region of negative 
effective masses, m::' < 0. It follows from ( 1 ) and ( 2 )  that 
one hole in this region is capable of strengthening the field 
Ex ( A P  < 0),  while the overall effect of the interaction of all 
the holes with the field (absorption or amplification) de- 
pends on the nature of the distribution function of the holes. 
A necessary condition for the existence of a negative differ- 
ential conductivity is an inversion of the distribution func- 
tion along the direction of the field El: (I3 f /a&) ,,,, > 0 
(Refs. 7-9, for example). Such an inversion can be set up by 
a strong static electric field E. In this case, as we will show 
below, an anisotropic distribution function, stretched out 
along E, as shown in Fig. la, is formed in a semiconductor at 
temperatures below the Debye temperature, k,  Tgfka, (fka, 
is the energy of an optical phonon). With a suitable crystal- 
lographic orientation of E, e.g., El1 [001] (as in Fig. la) ,  a 
function of this sort is inverted in the direction transverse 
with respect to E by virtue of the anisotropy of the heavy- 
hole dispersion. This situation can be seen in Fig. lb, which 
shows E and f as functions ofp, in one of the cross sections 
p, = const#O,py = 0. Since the constant-energy surface of 
the heavy holes is concave along the [001] direction, the 
dependence of E on p, is not monotonic, and for the given 
type of distribution function, decreasing with distance from 
thep, axis, we have 

in the region where we have 

(in the region bounded by the solid lines in Fig. la) .  
An expression for the transverse conductivity of the 

holes can be found by solving the kinetic equation for the 
distribution function in the resultant electric field 
E + El (Ell 1001 1, EIIE). In the case of a weak alternating 
field E, UJ e'"' (E,  (E),  the distribution function can be rep- 
resented as the sum of a steady-state distribution formed by 
the strong static field E and an oscillating part: f = fa + f,. 
In this case the equation for f, takes the following form in the 
T approximation: 

Integrating ( 3 )  with the boundary condition 
f, ( p, = - UJ ) = 0, we find f, and the differential hole 
conductivity au : 

(4) 
Here p' = ip, + j py + k pi,  w, = eE /p,., p, is the average 
momentum of a hole with an energy fiw,, v (  p )  is the mo- 
mentum relaxation rate, and 

Since the [001 ] crystallographic direction, along which the 
static electric field E is applied, is a fourfold symmetry axis, 
the linear transverse conductivity is isotropic,and we have 
axx = a,,), ,ox,, = uyx = 0' 

The absorbed power is determined by the real part of 
expression (4)  for ax,. At low frequencies, w(V, w,, the 
induced current j, is in phase with the field E,, and we have 
Im a,, = 0. For a steady-state distribution function fa 
which falls off with distance from the p, axis, a negative 
contribution is made to the conductivity by those holes for 
which the condition (d~ /dp ,  ) (I3 f /ap, ) > 0 holds, accord- 
ing to (4) .  These are holes which are localized in a region of 
momentum space corresponding to E < h a ,  where we have 
mi:' < 0 (Fig. 1 ) . This region is broader than that in which 
the condition mli' < 0 holds, as was pointed out by Kromer, 
who used expressions similar to ( 1 ) and ( 2 )  (several other 
investigators have subsequently mentioned the same point). 
Kromer was discussing the idea of NEMAG using germani- 
um heavy holes in a strong electric field E (Refs. 6 and 10). 

At high frequencies, w 2 w, ,w&V, the function Re 
cXx (w ) is oscillatory and the absolute value I Re a,, I falls off 
roughly in accordance with (@/a, ) - 2  (Ref.11, for exam- 
ple). For a needle-shaped distribution function, elongated 
along thep, axis, we have Re ax, GO at all frequencies. For a 
finite width fa in the direction transverse with respect to E, 
regions of negative and positive conductivity alternate, as is 
shown by the calculations (Fig. 2).  

An anisotropic distribution function, elongated along 
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FIG. 2. Real part of the transverse conductivity ox, of germanium heavy 
holes at (1)  T =  12 Kand ( 2 )  24 K i n  afield with E(I[001], E = 150 V/ 
cm, according to a numerical simulation of the distribution function by 
the Monte Carlo method. Also shown ( 3 )  is the conductivity ux, of holes 
with a needle-shaped distribution function ( fo = AG( p, )S( p, ), 
O<p, < p o ) ;  uE = e 2 N 0 / R o E ,  R = 0.3m0. 

the field E, arises in moderately dopedp-type Ge at low tem- 
peratures, k, T(&),, under the conditions v < w, < yo, 
where v and yo are typical values of the hole scattering rate at 
E < ko and E > k g ,  respectively. The holes are accelerated 
essentially without scattering in the electric field up to an 
energy E = k o ;  they emit an optical phonon; they return to 
the low-energy region; they reacquire an energy ko;etc .  The 
result is an anisotropic distribution of holes in momentum 
space, stretched out along the E direction, i.e., stream- 
ing."-l3 It is the localization of this distribution in the region 
of negative effective masses, m::) < 0 (this region is broader 
than the region m::) <O considered by KrGmer), which 
leads to the inversion in the hole distribution, as has been 
shown. 

It is a rather complicated problem to find the distribu- 
tion function fo under streaming conditions. The most com- 
plete information here can be found through numerical sim- 
ulation by the Monte Carlo method (Refs. 13 and 14, for 
example). The distribution function was first calculated by 
this method assuming an isotropic dispersion of heavy holes 
in germanium.I3 Estimates of the anisotropy of the conduc- 
tivity based on those calculations showed that for EJ J  [001 ] a 
negative differential conductivity occurs at T 5  7 K at static 
fields in the range 50-100 V/cm. Unfortunately, the quanti- 
tative nature of these results rules out any conclusions re- 
garding the actual values of the conductivity, its frequency 
dependence, or the temperature limits on the existence of a 
negative differential conductivity. 

In the present study the distribution function fo is sim- 
ulated by the Monte Carlo method for the actual heavy-hole 
dispersion law; scattering by acoustic and optical phonons is 
taken into account (see also Section 4). The results are used 
with expression (4) to find the transverse conductivity. Fig- 
ure 2 shows some typical results on the behavior a ( w ) .  The 
absolute value of the conductivity reaches a maximum at low 
frequencies. At T = 12 K, it is an order of magnitude lower2' 
than the value for a needle-shaped distribution function lo- 
calized at thep, axis at 0 <p, <po (cf. Ref. 1 1 ). AtT = 24 K, 

the conductivity at these frequencies decreases even further, 
by more than an order of magnitude. These results show that 
the negative differential conductivity is actually the differ- 
ence between two approximately equal components of the 
conductivity, from the inverted and noninverted parts of the 
distribution function. As a result, a slight decrease in the 
inverted part (as we go from T = 12K to T = 24 K )  pro- 
duces a sharp decrease in the negative differential conductiv- 
ity, to the point where it vanishes at3' T-30 K. Impurity 
scattering (ignored in the numerical simulation in the pres- 
ent study), even in samples with a low doping level, p 2 lOI3 
cmP3, could play a similar role in the decrease and disap- 
pearance of the negative differential conductivity. In light of 
all these factors, we see why Kromer's idea of a universal 
negative-mass generator and amplifier for a broad frequency 
range remained unrealized as long as it did. 

3. LINEAR CONDUCTIVITY OF GERMANIUM HEAVY HOLES 
AT A CYCLOTRON RESONANCE IN FIELDS WITH EIJHll[001] 

The magnitude of the negative differential conductivity 
of ap-Ge in a strong electric field with Ell [001] can be in- 
creased substantially at frequencies above 10" Hz under cy- 
clotron resonance conditions for holes with a negative effec- 
tive mass in a magnetic field6''' such that HllEll [OOl]. The 
cyclotron mass m, of germanium heavy holes 
[m, = (2a)  - 'dS / d ~ ,  Sis the area bounded by the cyclotron 
orbit], like the effective transverse mass, can take on nega- 
tive values in certain regions in momentum space, specifical- 
ly, two cones, symmetric with respect to thep, = 0 plane, 
with axes along H and with vertices at the pointp = 0. The 
boundaries of the negative-cyclotron-mass cones in the 
p,, = 0 plane coincide with the boundaries of the region 
mi:' <O (Fig. la) .  The surfaces of constant cyclotron fre- 
quency w, = eH/m,c of holes with a negative cyclotron 
mass are also conical, with axis along H and with vertex at 
p = 0. The cyclotron frequency varies from zero at the 
boundary of the negative-cyclotron-mass cone to a,/ 
w, = A  - (B + 4C2) /Bz  - 4.27 at the p, axis. Here 
w, = eH/m,c; m, is the mass of a free electron; and 
A = 13.27,B = 74.48, and C = 153.8 are constants which 
appear in the dispersion law for the heavy holesi0: 

In a magnetic field such that HI1 [001 1, holes with a negative 
cyclotron mass gyrate the way electrons would in free 
space-in the direction opposite that in which ordinary 
holes would revolve. Consequently, the cyclotron resonance 
of holes with a negative cyclotron mass will prevail for a 
wave of circular polarization in the "electron direction," 
propagating along H.  For holes with positive cyclotron 
masses, the resonant wave would be a wave with an opposite, 
"hole," circular polarization. In thermodynamic equilibri- 
um the fraction of heavy holes with a negative cyclotron 
mass is about 7% (Ref. 19), and they are not important in 
the conductivity. The situation changes dramatically when 
there is an inversion in a strong electric field Ell [OOl]. The 
imposition of a magnetic field with H J J E  makes it possible 
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these variables are, respectively, the phase of the motion of a 
hole along its cyclotron orbit and the area of this orbit: 

FIG. 3.Frequency dependence of the real part of the transverse conductiv- 
ity ofGe heavy holes from the ( 1 ) inverted and (2)  noninverted regions of 
the distribution function under streaming conditions (schematic) repre- 
sentation. Dashed line-H = 0; solid line--cyclotron resonance for a cir- 
cularly polarized alternating electric field E,lHIIE. 

under cyclotron resonance conditions (w, Bw,, v )  to distin- 
guish the components of the conductivity due to the inverted 
and noninverted parts of the distribution function (Fig. 3), 
i.e., of holes with negative and positive cyclotron masses. 
The magnitude of the negative differential conductivity in an 
alternating electric field with a circular polarization in the 
electron direction becomes significantly larger in this case 
than in the case H = 0. Although the first calculations of the 
conductivity under such conditions were carried out in Ref. 
20, the a priori specification of a heavy-hole distribution 
function detracted significantly from the results; judging 
from the literature, that study did not stimulate further re- 
search. It was not until some twenty years later that the idea 
of streaming in p-Ge, which had been developed by that 
time, was used in Ref. 21 to demonstrate the existence of a 
negative differential conductivity at cyclotron resonance; 
the limiting values of E, H, T, and o were calculated, facili- 
tating a subsequent search for the conditions for the appear- 
ance of stimulated emi~sion.~ As in the case H = 0, an 
expression for the linear conductivity of holes at cyclotron 
resonance in fields with HllEll[001] can be found analytical- 
ly by solving the kinetic equation for the oscillatory part of 
the distribution function, f,. To find the steady-state part of 
the distribution function fo is even more difficult than at 
H = 0, and this can be done for the actual dispersion law 
only through numerical simulation. An analytic solution 
was derived in Ref. 21 through the approximation of a dis- 
persion law which was axisymmetric around the p, axis. 
That law leads to a good description of the dynamics of holes 
with a negative cyclotron mass, and such holes make a reso- 
nant contribution to the conductivity at cyclotron reso- 
nance. Because of the symmetry of the problem, a magnetic 
fieldHllEll[001] does not affect the steady-state part of the 
distribution function, so that the kinetic equation for fo can 
be solved at H = 0. Figure la  shows fo( p,, p, ) = const 
contour lines of the distribution function found by this ap- 
proach. The maximum value of f, is reached near the p, 
axis, but not at the axis itself, as it would be in the case of an 
isotropic dispersion law. l3 The dip in the function fo at the 
axis is very slight (a  few p e r ~ e n t ) ~ ' ;  that region is omitted 
from Figs. la and lb. 

To find the oscillatory part of the distribution function 
in a strong magnetic field w, Bw,, it is convenient to switch 
from the variablesp,, p,, in the kinetic equation to new ca- 
nonical variables, the angle q, and the action S. In this case 

9% a% 
PI=-, J j v = - - ,  

~ P V  ~ P X  

9% +--= a% 
as 0, ( S ,  p,) , S=- - = 0, 

a cp 
( 5  

where 3 = &eH /c. In terms of these new variables, the ki- 
netic equation for f l  becomes 

Here v = d d d p  is the velocity of the hole. The right side of 
this equation is a resonant force for f, at frequencies 
w = nu,. Since the revolution of holes with a negative cyclo- 
tron mass far from the boundary of the cone w, ( p )  = 0 is 
largely harmonic (Ref. 19, for example), we restrict the dis- 
cussion to cyclotron resonance at the fundamental frequen- 
cy. For the first harmonic of the revolution velocity of holes 
with a negative cyclotron mass, V,(S, pZ)eip 
(q,  = w, t + p,), the resonant electric field is a field El  of 
circular polarization in the electron direction: E , e'"'. Solv- 
ing Eq. ( 6 )  by analogy with Ref. 21, and considering the 
contribution to the conductivity only from holes which are 
in resonance with the field E,(o), which lie near the cone 
w = - o, (S, p, ), we find a ( @ ) .  The real part of this con- 
ductivity is given in the limit4' w, , v-0 by 

Re o = o, = - 2n2e2 11 {dp, dS6 (ru - oc (S, p,)))  I VI j2 

(7)  
The integration over dS  here is carried out over the surfaces 
of both of the resonant cones, over the entire energy range, 
~ ( p )  <kwO; the derivative d fo(S, p, )/a& is calculated in the 
direction perpendicular to the p, axis. It follows from 
expression (7)  that the negative component of the conduc- 
tivity at the frequency w comes from holes which are in this 
part of momentum space on the resonant cone w, (S, 
p,) = - w, where the distribution function is inverted: 
(d f0/d&) ,,,, > 0. Figure 4 shows the function ores (w) for 
certain values of the static electric field E. These curves were 
found by integrating (7) ,  assuming an axisymmetric disper- 
sion law, for the steady-state distribution function f, calcu- 
lated for this m ~ d e l . ~ '  The nonresonant transverse conduc- 
tivity of holes in fields such that EllH can be calculated 
from22 

( 8 )  
where Tii = 0.32mo, = eH /Ec, and r is the gamma func- 
tion. Comparing ah and ore, (Fig. 4),  we find 
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FIG. 4. Real part of the resonant conductivity ur,, of hot heavy holes in 
germanium with a negative cyclotron mass ( w E ,  <O). E (V/cm): 1- 
480; 2-240; 3-120; oH = eZN,/Fi75,. 

am = a,,, + ah < 0 at frequencies w > w, . At liquid-helium 
temperature, the streaming of heavy holes (w, Z v )  arises at 
fieldsI3 E R 100 V/cm, corresponding to a transit frequency 
w, - 3. 101° s- 'which actually determines the long-wave 
boundary of the region of negative differential conductivity. 
The short-wave boundary is determined by the quantization 
of the energy spectrum of the heavy holes. At energies 
E < h 0 ,  no fewer than two Landau levels should fall within 
the negative-cyclotron-mass cone. This requirement leads to 
the condition w < 1013 S-l  ( A  > 0.2mm). 

Numerical estimates for w = 10" s-I, E = 120V/cm, 
H = 25kOe, and No = 1014cm-3 yield a,,, ~ 2 . 1 0 ~ ~  s-', and 
ah z 5.10' S-I. The corresponding gain is 

4. NEGATIVE DIFFERENTIAL CONDUCTIVITY IN A STRONG 
ALTERNATING ELECTRIC FIELD 

The negative differential conductivity ofp-Ge in strong 
static fields with EllH can lead to such a substantial intensifi- 
cation of a weak alternating electric field E l  (w), either re- 
sulting from fluctuations or the field of an electromagnetic 
wave incident on the semiconductor from the exterior, that 
the conductivity a (w)  changes. It is not possible to derive an 
analytic expression for the heavy-hole conductivity from the 
solution of the kinetic equation in the case of an arbitrary 
field amplitude E,.  An effective method here is a numerical 
simulation of the conductivity; we report the results of such 
a simulation below. Certain qualitative conclusions regard- 
ing the nature of the hole conductivity in a circularly polar- 
ized strong field E l  can be extracted from a direct analysis of 
the equations of motion in fields E,lEIIH: 

eH 1 a s  
p=eE cos OfeEi  sin 0 cos cp + ---, 

c P acp 
sin @, (9)  

Equations (9)  are written in terms of the polar coordinates 

@=ot-cp, E,=E,(i cos wt+j sin cat). 

As the holes drift and revolve in the EllH fields, they 
intersect the cone w, (p) = - w, near which their interac- 

tion with the field El is resonant. In a strong alternating 
field, the holes can exhibit autoresonant behavior; as they 
are "uncoiled" by the field El ,  they are captured to the reso- 
nant cone and do not leave resonance until the next scatter- 
ing event. In Ref.23 a model of an axisymmetric heavy-hole 
dispersion law, 

E (p) = (p2 /2m)  ( I f  E cos 40), 

was used, and it was shown that system of equations (9) has 
a solution in the form of a rotational translational motion 
along the surface of the resonant cone: 

eEit 
0--eo=const, cp=-o t p = - El 

e , for - = tg 0,. ( 10) 
sin 0, E 

Solution ( 10) is stable with respect to small perturbations of 
8 and p; i.e., near the resonant cone in momentum space 
there is a region in which, once a hole enters, the hole be- 
comes captured to the cone and subsequently moves along 
its surface.'' The power absorbed in the process, 

is negative if m, < 0, and it increases in magnitude in propor- 
tion to the time of free flight between scattering events. 

Figure 5 shows a numerical solution of Eqs. (9) in a 
strong alternating field El which is circularly polarized in 
the electron direction for the actual dispersion law of Ge 
heavy holes. A hole which has been captured to the resonant 
cone moves along an uncoiling spiral; its absorption is nega- 
tive and increases in absolute value in proportion to t ,  while 
the absorption of the uncaptured holes oscillates around 
zero. A numerical solution of the equations of motions of 
holes with various initial conditions shows that under the 
condition w, )w, the captured holes constitute a significant 
fraction of the total number of holes.23 In a strong field El,  
the hole may therefore bunch near a resonant cone, and the 
absolute value of the negative differential conductivity can 
increase. 

The conductivity a was studied as a function of the 
strength of the alternating field E, through a Monte Carlo 
numerical simulation which took into account both the par- 
ticular features of the dynamics of holes with a complex dis- 
persion law and the scattering in the strong fields El ,  E, and 
H. The equations of motions were integrated, and the veloc- 
ity v ( t ) ,  the current j ( t ) ,  and the average absorbed power6' 

were calculated. Here N is the number of scattering events, 
and (T,, r,,, ) is the interval between the k th and 
(k  + 1)st events. The calculations incorporate the scatter- 
ing of holes involving the emission and absorption of acous- 
tic and optical phonons. The corresponding probability den- 
sities for a transition of a hole from state p to state p'per unit 
time are (Ref. 14, for example) 
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P. arb. units 

where 

Ba,=AE,.V4pVos, B,,,=fi (D ,K)  V2pVooo, 

and Nqv0 = { e ~ p ( h ~ , ~ / k ,  T )  - 1)- ' is the phonon distri- 
bution according to Bose-Einstein statistics. Here Vo is the 
crystal volume, E ,, = 4.6 eV is the constant of the acoustic 
interaction," D,K = 9-lo8 eV/cm is the constant of the 
strain energy, p = 5.32 g/cm3 is the density of the crystal, 
s = 4-lo5 cm/s is the sound velocity, and h, = 0.037 eV is 
the energy of an optical phonon. Expressions ( 11 ) and ( 12) 
can be used to determine the integrated probabilities for the 
transitions of particles out of the state p; these probabilities 
are used to determine the scattering mechanism in each scat- 
tering event during the simulation. For an interaction with 
uniformly distributed acoustic phonons8) the integrated 

FIG. 6. Real part of the conductivity at cyclotron resonance of germani- 
um heavy holes in fields such that EllHll[001] according to a Monte Carlo 
numerical simulation for the following values of E, H, w (E l  is the circu- 
larly polarized field which is in resonance with the holes with the negative 
cyclotron mass; T = 24 K): - E = 200 V/cm, H = 34 kOe, w = 1012 
s- I; 0-200 V/cm, 69 kOe, 2.10" s- I; A-200 V/cm, 136 kOe, 4.1012 
s-I; A-200 V/cm, 25 kOe, 10" s-'; 0-150 V/cm, 25 kOe, 1012 s-I. 

FIG. 5. a: Rotational-translational motion of holes in fields 
E,IEIIHII @, 11 [001] (projectionsofthepathsontothep, = 0 
plane are shown here). The field E l  is resonant with holes 
having a negative cyclotron mass [see ( 10) 1 .  Markers on the 
paths show equal time intervals At, corresponding to the mo- 
tion of a hole a distance Ap, = eEAt alongp,. b: Absorption 
of a circularly polarized electromagnetic wave E l  by various 
holes (the markers have the same meaning as in part a ) .  The 
curve with the plus sign corresponds to the absorption of a 
hole with a negative cyclotron mass which has been captured 
to the resonant cone w, (p )  = - w .  

scattering probabilities are 

while for the interaction with optical phonons they are 

where 
2n n 

m.h j J drp sin 0 d0 rndr% = - w (0.35m0)", 
4n , 0 g"(0,rp) 

Some of the results of a numerical simulation of the conduc- 
tivity u = F/E : ofp-Ge are shown in Fig. 6. The values of u 
at El/E(l correspond to a linear conductivity. According 
to the result of the linear theory, the conductivity reaches a 
maximum at the cyclotron resonance,wzw,, and at 
H = 25kOeJ = 2mm, and No = 1014cm-3 this conductiv- 
ity is a= - l.O-lO1Os-l a = 2?ra/ceA'*=0.53 cm-'. This is 
about half the value found from the analytic calculations and 
given above. In a strong alternating field El - (0.3-0.5) Ewe 
observe an increase in the conductivity in absolute value, 
evidently due to a dynamic change in the structure of the 
hole distribution function as a result of their capture to the 
resonant cone. Because of this capture, the region with a 
negative differential conductivity expands to fields E l  2 E. 
These results can be used to determine the limiting power of 
millimeter-range radiation which can be achieved through 
the use ofp-Ge in fields EllH as the active element of a gener- 
ator: P / V  = u(EI)E:  =: 100 W/cm3 with A = 2 mm and 
No = 1014 cmP3. The corresponding efficiency is 7 - 5-lop3. 
The maximum power radiated from the surface of the semi- 
conductor can be estimated from P/S 
= CEA'~E : /4n z 200 W/cm2. 
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5. EXPERIMENTAL PROCEDURE AND RESULTS 

The first studies of the cyclotron resonance of holes 
with a negative effective mass in germanium were carried 
out as early as 1958-1960 (Ref. 18). Although the results 
emerging from those experiments were rather contradictory, 
these were the first steps along the path that led, a quarter of 
a century later, to the discovery of an induced emission of 
hot holes with a negative cyclotron mass in germani~rn.~ 
Several experimental studies which were carried out over 
these years added substantially to the picture of the distribu- 
tion function and conductivity of Ge heavy holes. Measure- 
ments by optical methods in the near-IR region in Ref. 12 
revealed the appearance of a hole distribution function 
which was elongated along E in strong fields at T = 77 
K:streaming (see also Ref. 24). These results were later 
supplmented with measurements of the hole drift velocities 
v(E) by a time-of-flight method.25 Some distinctive features 
of the dynamics of carriers in an anisotropic zone under con- 
ditions of nearly collisionless motion at energies E <%, 
were discovered in Refs. 26-28 on the basis of the cyclotron 
resonance of Ge heavy holes in fields with EJJH.  Finally, we 
should also mention Kajita's study,29 which, although forp- 
Si, revealed a negative Hall effect during streaming in the 
[ 1 1 1 ] direction, with negative transverse masses. 

5.1 Absorption of electromagnetic radiation in p-Ge in fields 
with EllH 

An interaction of centimeter-range electromagnetic ra- 
diation with holes in germanium in strong electric fields 
Ell [001] was first studied by Gershenzon et at T = 77 
K. The results showed that it was not possible to achieve 
NEMAG inp-Ge at liquid-nitrogen temperature without a 
magnetic field. In the present experiments, we studied the 
absorption at A - 2 mm of p-Ge at liquid-helium tempera- 
tures under cyclotron resonance conditions, using the proce- 
dure described in Ref. 27. The quantity which was measured 
directly was the change in the transmission of the linearly 
polarized radiation from a backward-wave tube under the 
influence of a pulse of an electric EJ JHJJ  [OOl]. The parallel- 
plate p-Ge sample was positioned in a quasioptical section 
and oriented perpendicular to the wave vector of the radi- 
ation. In the absence of an electric field E at T = 4.2 K, all 
the holes in the sample were frozen in shallow acceptor lev- 
els, and the sample was transparent to the millimeter-range 
radiation. The strong electric-field pulse produced ioniza- 

FIG. 7. Modulation of the millimeter-range radiation from a backward- 
wave tube ( A - 2  mm) by ap-Ge sample versus the magnetic field. 1- 
D = 100V/cm (EIIH); 2-E = 0 ( T S  10 K ) .  

tion and then heating of holes. The wavelength of the back- 
ward-wave tube was chosen so that the wave propagation 
path was equal to an integer number of half-wavelengths. In 
this case, with a slight modulation of the transmission of the 
sample, M( 1, the magnitude of the measured signal for opti- 
cally thin plates was proportional to the real part of the hole 
conductivity in the electric field. Figure 7 shows the modula- 
tion of the transmission as a function of the magnetic field, 
according to measurements at the time at which pulses of a 
strong electric field E = 100 V/cm were applied to the sam- 
ple and immediately after these pulses ( E  = 0) .  In the latter 
case,the modulation stems from thermal activation of the 
holes from impurity levels into the valence band as a result of 
the heating of the crystal during the field pulse. The sample 
temperature was chosen in such a way that the degree of 
thermal ionization of the acceptors was low, so that the mo- 
dulation of the transmission was slight. The line I in the spec- 
trum corresponds to the cyclotron resonance of light holes, 
while h ,,, are the first and third harmonics of the cyclotron 
resonance of heavy holes. 

In a strong field, E z  100 V/cm,  in which essentially all 
the acceptors are ionized, the sample is transparent to the 
radiation from the backward-wave tube: M=: 1 at H = 0. In a 
magnetic field with HllE we observed an increase in the 
transmission of the sample to MS0.5, apparently due to 
vanishing (or even a change in the sign) of the hole conduc- 
tivity in an electric field of circular polarization in the elec- 
tron direction which is in resonance with the cyclotron revo- 
lution of holes with a negative cyclotron mass. For the hole 
direction of the circular polarization of the electric field, the 
conductivity remained high, so that only one of the two cir- 
cularly polarized components of the incident plane-polar- 
ized wave passed through the sample. The maximum in- 
crease in transmission [the minimum of M(H)  ] is found at 
magnetic fields corresponding to a cyclotron mass 
m, =:0.5m,, as we would expect for inverted holes with a 
negative cyclotron mass (Fig. 4) .  

5.2. Generation of electromagnetic radiation inp-Ge in fields 
such that EI/H 

Figure 8 is a schematic diagram of the apparatus used in 
the present experiments to observe the stimulated emission. 
We studied samples of weakly compensated Ge:Ga. The 
samples were held in a liquid-helium cryostat, at the center 
of a superconducting solenoid. A voltage pulse applied to the 
sample through noninjecting contacts (7 ,  - 1-80 pm, 
f,,, S 200 Hz, E Z 5 V/cm), as in experiments on the absorp- 
tion of electromagnetic radiation, caused impact ionization 
of shallow impurities and set up a drift of charge carriers 
along the [001] crystallographic direction. The radiation 
was detected by an a-InSb detector outside the magnetic 
field of the solenoid. The pulsed output signal from this de- 
tector was amplified, converted into a static voltage by a 
strobe integrator, and fed to the Y input of an x, y chart 
recorder. The signal was built up on the strobe integator over 
the length of the reference strobe pulse. A slowly varying 
voltage proportional to the current through the solenoid or 
to the delay of the strobe pulse was fed to the X input of the 

217 Sov. Phys. JETP 63 (I) ,  January 1986 Andronov et aL 21 7 



FIG. 10. Emission zones of variousp-Ge samples. Solid line-Sample 1; 
FIG. 8.  lock diagram of the apparatus used to study the emission fromp- dot-dashed line-sample 2, made from the same material as sample 1, but 
Ge samples in fields, E, H. 1-Power supply for solenoid; 2-trigger pulse with twice the length along the direction of H; dashed line-sample 3, of 
generator; 3-generator of the strong electric field pulses; L x ,  y record- the same configuration as sample 2, but made from a material with a 
er; 5-strobe integrator; bbroad-band amplifier; 7-Schottky-barrier dopant concentration three times higher, 
diode; 8-Michelson interferometer; 9-helium cryostat; 10-supercon- 
ducting solenoid. 

recorder. The recorder thus recorded either the dependence 
of the emission intensity on the magnetic field or the shape of 
the emission pulse. 

Stimulated emission from p-Ge was observed under 
conditions similar to those under which the maximum in- 
crease in the transmission of the sample was observed. Fig- 
ure 9 shows some typical results on the behavior of the emis- 
sion intensity as a function of the magnetic field. The 
emission arose after a threshold was reached, in the field 
intervals E- (70-320) V/cm, HG- ( 15-50) kOe; its inten- 
sity was more than five orders of magnitude higher than that 
of the spontaneous emission of p-Ge under similar condi- 
t i o n ~ . ~ ~  Figure 10 shows the emission zones of several sam- 
ples. The boundary values of fields E and H were determined 
by the balance between the resonant amplification, on the 
one hand, and the nonresonant hole absorption and other 
loss mechanisms, which do not involve free carriers, on the 
other. The dependence of the hole conductivity on the mag- 
netic field was found in the preceeding section [see (7),  
(8) 1; a,,, a 1/H, a, a 1/H at a fixed value of the field E. It 

FIG. 9. Intensity ofthe emission fromp-Ge (sample 1 ) versus the magnet- 
ic field in the band of the n-InSb detector at several values of E (V/cm): 
1-50; 2-80; 3-90; 6 1 2 0 ;  5-140; 6-195; 7-250; 8-275; 9-310. 
The curves have been displaced along the ordinate for clarity. 

follows that when there is a large difference between the low- 
er and upper boundary values of H the former will be deter- 
mined primarily by the balance between a,,, and a,, , while 
the latter will be determined primarily by the resonant am- 
plification and the other loss mechanisms. 

The range of electric fields in which emission is ob- 
served corresponds to the maximum anisotropy (an elonga- 
tion along E )  of the distribution function of the Ge heavy 
holes at T- (5-20) K (Ref. 13) and to its localization in the 
negative-cyclotron-mass cone. At lower electric fields, the 
time over which a hole must move to reach the energy of an 
optical phonon is comparable to or shorter than the scale 
time for scattering by acoustic phonons, so that streaming 
does not set in. On the other hand, in fields E > 200 V/cm the 
distribution function begins to broaden because of the ap- 
pearance of holes in the region E > h0. This circumstance 
reduces the absolute value of a,,, (Fig. 4) and increases 
a, -w,fif [see (8)  1. Experimentally, this behavior is seen 
as a decrease in the emission intensity at fields E > 200 V/ 
cm, to the point at which the emission is cut off at a fixed 
value of the magnetic field (Fig. 9).  The substantial narrow- 
ing of the emission zone for a more heavily doped sample, 3 
(Fig. lo),  is apparently also a consequence of a decrease in 
the anisotropy of the distribution function and of la,, I due 
to an additional scattering of holes by ionized centers. 

The anisotropy of the distribution function should also 
fade with increasing temperature of the semiconductor be- 
cause of enhancement of the acoustic scattering. Under the 
experimental conditions, the sample is heated adiabatically 
during the electric field pulse, and it has cooled off slowly to 
the temperature of the liquid-helium bath, T = 4.2 K, by the 
time the next pulse arrives. The solid lines in the inset in Fig. 
11 show the emission pulses at various initial temperatures 
To of sample 1. The heating from 4.2 K to To is caused by aI1 
electric pulse directly preceding the field pulse during which 
the emission is observed; the values of To and T ( t )  are calcu- 
lated3l on the basis of an adiabatic heating of the sample 
during both pulses. Figure 11 shows the temperature depen- 
dence of the emission intensity. These results show that the 

218 Sov. Phys. JETP 63 (I), January 1986 Andronov eta/. 21 8 



J, arb, units 
I 

FIG. 11. Temperature dependence of the emission intensity of sample 1 
(dashed line) and sample2 (solid line) at To = 4.2 K, E = 150 V/cm, and 
H = 27 kOe. .-Data corresponding to the crests of pulses 2-6 in the 
inset; O - d a t a  from various regions ofpulses 2-5. The inset shows oscillo- 
scope traces of the emission pulses from sample 1 found at various initial 
lattice temperatures To when the voltage pulse is applied to the sample 
(dshed line). T,(K): 1-17.4; 2-16.8; 3-15.2; 4--13.2; 5-8.5; 6 4 . 2 .  

decrease in the emission intensity during the pulse results 
from an increase in the temperature of the sample; the pre- 
liminary heating and the heating during the field pulse affect 
the emission intensity in identical ways. 

The linear behavior of the radiated power P as a func- 
tion of T near the cutoff temperature (where the generation 
is cut off; Fig. 1 I ) ,  can be explained by using the balance 
equation for amplification and absorption in the sample, 

and the resonant conductivity approximation 

in the region where a,, deviates very slightly from linear 
conductivity (see the curve in Fig. 5 for R = 2 mm and 
H = 34 kOe at fields E,(E). Here a, is the effective conduc- 
tivity, which incorporates all types of loss. The quadratic 
field term in ( 14) arises from the iteration following (6)  in 
the small parameter El/E(l in the kinetic equation. The 
temperature factor yT(1 is related to the decrease in the 
number of holes which are involved in the streaming and 
which contribute to a,,, because of scattering by acoustic 
phonons: vac - TE'/*. Accordingly, under conditions near 
the cutoff of the generation, we find from ( 13) and ( 14) 

i.e., that radiation power falls off in proportion to the tem- 
perature (Fig. 1 1 ). The apparent reason for the deviation of 
P ( T )  from linearity for the longer sample 2 (for which the 
emission zone is broader, as can be seen from Fig. 10, so that 
the value of a, is smaller) at T <  13 K is the autoresonant 
behavior of the holes in the strong alternating field E,, in 

which the behavior u,,, cc ( 1 - f l  E: ) is disrupted (Section 
4).  

The question of the limiting temperatures for the exis- 
tence of a negative differential conductivity inp-Ge requires 
additional study, but some qualitative conclusions can be 
drawn from even the results presently available. The effect of 
the temperature on the resonant conductivity can be esti- 
mated from ( 14), which, as we have shown, gives a satisfac- 
tory description of the experimental results found at T < 20 
K. As was mentioned above, the temperature factor in ( 14) 
results from the acoustic scattering of holes over the transit 
time w;': y T =  Yac/w,, where Y,, is the average of 
1.07.108T[K] ( ~ / k ,  [ K ]  ) ' I 2  [s-'1 . An estimate of Pa, for 
the simplest, needle-shaped, streaming model yields 
yT+1.4T[K]/E[V/cm], or yT=0.14 with T =  20 K and 
E = 100 V/cm. The factor y T  remains small if the field E 
increases with increasing T. At T- 80 K we have y T S  0.2 at 
E 2 600 V/cm, and if the conductivity a,,, were negative at 
liquid-helium temperatures in such fields the conductivity 
would retain its sign at T = 80 K. We have not made a de- 
tailed study here of the possibility of lasing in such strong 
fields. Lasing was observed, however, at liquid-helium tem- 
peratures in comparatively weak fields, E-40-50 V/cm, 
which correspond, according to Ref. 13, to the same degree 
of anisotropy of the distribution and thus the same value of 
a,,, as do fields E- 600 V/cm. As E is increased from 50 to 
600 V/cm, there will of course be an increase in the loss 
associated with the contribution to the conductivity of the 
uninverted part of the distribution function, a,, , but the rela- 
tion between a,,, and uh can be improved by increasing the 
magnetic field [see ( 7 )  and (8)  1. We thus see that a negative 
differential conductivity at the cyclotron resonance of heavy 
holes in Ge in fields with EllH can be reached at tempera- 
tures substantially above 20 K, but the interval along the 
magnetic-field scale in which the generation occurs will be- 
come narrower with increasing temperature. 

Spectral studies of the induced emission were carried 
out with a Michelson interferometer (Fig. 8 )  and also with a 
superheterodyne receiver outside the cryostat. The emission 

f, GHz 

I 

FIG. 12. Tuning the output frequency of the maser with a magnetic field. 
The dashed lines are the limiting values of the magnetic field at which 
emission was found in sample 2. 
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CONCLUSION 

FIG. 13. Cyclotron resonance inp-Ge in fields ElH ( E -  50 V/cm). Here 
So is the signal level at the receiver in the absence of an electric field at the 
sample. 

from the sample reached the receiver and the interferometer 
along an oversized metal waveguide. Schottky-barrier di- 
odes were used as rectifier and mixer. The signal is a rather 
narrow spectral line, with a width which is, less than or equal 
to the spectral resolution of the interferometer and of the 
superheterodyne receiver ( 60 and 40 MHz, respectively). 
Figure 12 shows the emission frequencies found with the 
help of the interferometer, along with the approximation 
f (H)  in the interval of magnetic fields in which the emis- 
sion is observed. The experimental points conform satisfac- 
torily to the line, which corresponds to the functional depen- 
dence f = (eH /m*c)/2n with an effective mass 
m* z0.45m0. The results shown here were obtained for var- 
ious values of E; within the measurement error, we observed 
no dependence of the emission frequency on the electric 
field. The change in the frequency with the magnetic field 
stems from a change in the structure of the gain band and a 
competition among modes in the generator, with the result 
that induced emission is established at the frequency of the 
mode having the highest linear growth rate. 

Since the emission from this semiconductor maser is 
highly monochromatic, it can be used for spectral studies. A 
first experiment along this line involved the observation of 
the cyclotron resonance of light holes in germanium in fields 
ElH. The semiconductor generator and the test sample were 
placed in superconducting solenoids in different cryostats. 
The emission from the generator, with a wavelength A z 1.9 
mm, was channeled through an oversized section holding 
the p-Ge sample, and it was detected by a cooled n:InSb 
detector. The measurement procedure here was analogous 
to that used in the experiments on the absorption inp-Ge in 
fields E((H (Subsection 5.1 ). A pulsed electric field E - 50 
V/cm, which ionized shallow acceptor impurities and then 
heated the holes, was applied to the sample in synchroniza- 
tion with the generator pulses. The result was to attenuate 
the signal, by virtue of the absorption of the emission by free 
carriers (Fig. 13 ) . As the magnetic field at the sample was 
varied, we observed the cyclotron-resonance line of light 
holes in Ge (Fig. 13; cf. Refs. 26 and 27). This experiment 
demonstrates the use of a semiconductor generator for the 
spectroscopy of hot carriers, although the possibilities here 
are much broader and stem primarily from the broad range 
over which the wavelength can be tuned. 

The results of this experimental study of the emission 
from p-Ge in fields EIIH, i.e., the conditions under which 
emission is observed, the threshold required for the onset of 
emission, the suppression by heating the crystal, and the fact 
that the output wavelength can be tuned by means of a mag- 
netic field, leave no doubt that stimulated emission has been 
achieved in a maser which operates by virtue of the cyclotron 
resonance of holes with negative effective masses: cyclotron- 
resonance NEMAG. Like other new sources of radiation in 
the submillimeter1-3 and millimeter5 ranges, NEMAG has 
so far been implemented only in comparatively pure germa- 
nium at liquid-helium  temperature^.^ Moving to substantial- 
ly higher temperatures will require improving the design of 
the apparatus and using other materials. The materials of 
primary interest for NEMAG are silicon and diamond ofp- 
type conductivity. The energy of an optical phonon in these 
semiconductors is two to four times larger than that in ger- 
manium, so that we could expect a rather narrow distribu- 
tion function during streaming in an electric field, not only 
at liquid-helium temperatures but also at higher tempera- 
tures. Furthermore, the minimum values of the negative ef- 
fective mass for holes at the axis of the negative-cyclotron- 
mass cone in these materials are three to seven times smaller 
than in p-Ge, so that emission can be achieved in weaker 
magnetic fields. These properties are of course only prere- 
quisites which qualify these materials as promising. Final 
conclusions will have to await a detailed study of the conduc- 
tivity, like that which has been carried out for p-Ge. For 
diamond and silicon, an important property along the an- 
isotropy of the dispersion law is that its dispersion law is not 
parallel (the energy of the spin-orbit splitting of these mate- 
rials is lower than the energy of an optical phonon), so that a 
rigorous consideration of all features of the scattering and 
dynamics of holes becomes a complicated problem even for a 
Monte Carlo numerical simulation. 

Also of interest would be a study of the possibilities of a 
negative conductivity at cyclotron resonance in polarp-type 
semiconductors, e.g.,p-GaAs. In these materials, because of 
the predominant small-angle scattering in interactions with 
optical phonons, conditions are more favorable for localiza- 
tion of the distribution function in the negative-cyclotron- 
mass cone. We believe that the future development of both 
experimental and theoretical research on the cyclotron reso- 
nance of holes with a negative effective mass will add sub- 
stantially to our understanding of the possibilities of semi- 
conductor cyclotron-resonance masers. 

We wish to thank Yu. A. Dryagin, L. M. Kukin, and V. 
V.Parshin for assistance in the studies of the spectral charac- 
teristics of the emission. 

"Analysis of the dispersion law shows that similar cones also exist along 
[ 1 1  1 ] axes. In the valence band of germanium, these cones lie at energies 
above the energy of an optical phonon, E > h0, and they are of no inter- 
est here, for reasons that we will give below. 

"This value agrees with an estimate found for the limit w-0 in Ref. 13. 
3'There is the possibility that at T >  30 K a negative differential conductiv- 

ity would be attainable in thin films of ap-type semiconductor, where the 
conditions for the occurrence of an inversion might be more favor- 
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4'Under the condition w, Bw,, v,  the shape of the cyclotron-resonance 
line of germanium heavy holes with a negative cyclotron mass is deter- 
mined by the dispersion of the cyclotron frequencies, w, (S, p, ), and by 
the static distribution function f,(E, H). 

"A capture also occurs in a linearly polarized field E l  if resonant condi- 
tions are satisfied for one of the two circularly polarized components of 
the wave. 

6'The average is taken over long time intervals, during which a hole experi- 
ences tens of thousands of scattering events. 

7'Here and below, the numerical values of the parameters are given forp- 
Ge. 

"This approximation holds inp-Ge under streaming conditions at Tk 12 
K. At lower temperatures, it becomes necessary to resort to the approxi- 
mation of zero-point lattice vibrations. 

"Vorob'ev et al.' also reported observing an emission at T z  80 K in p-Ge 
in fields E l H  in the range 1- 100 pm. 

'L. E.Vorob'ev, F. I. Osokin, V. I. Stafeev, and V. N. Tulupenko, Pis'ma 
Zh. Eksp. Teor. Fiz. 3, 360 (1982) [JETP Lett. 35,440 (1982)l. 

'Yu. L. Ivanov and Yu. V. Vasil'ev, Pis'ma Zh. Tekh. Fiz. 9,613 ( 1983); 
10,949 (1984) [Sov. Tech. Phys. Lett. 9,264 (1983); 10,398 (1984)l. 

'A. A. Andronov, I. V. Zverev, V. A. Kozlov, et al., Pis'ma Zh. Eksp. 
Teor. Fiz. 40,69 (1984) [JETP Lett. 40, 804 (1984)l. 

4A. A. Andronov, A. M. Velyantsev, V. I. Gavrilenko, etnl., Pis'ma Zh. 
Eksp. Teor. Fiz. 40,221 (1984) [JETP Lett. 40,989 (1984)l. 

'A. P. Chebotarev and V. A. Murzin, Pis'ma Zh. Eksp. Teor. Fiz. 40,234 
( 1984) [JETP Lett. 40, 1005 ( 1984) 1. 

'H. Kromer, Phys. Rev. 109, 1856 (1958); Proc. IRE 47, 397 (1959); 
Prog. in Semicond., Vol. 4, London, 1960, p. 3. 

'A. A. Andronov, in: Invertirovannye raspredeleniya goryachikh elek- 
tronov v poluprovodnikakh (Population Inversions of Hot Electrons in 
Semiconductors), Gor'kii, 1983, p. 5. 

'N. G. Basov, 0. N. Krokhin, and Yu. M. Popov, Zh. Eksp. Teor. Fiz. 38, 
1001 (1960) [Sov. Phys. JETP 11,720 (1960)l; Usp. Fiz. Nauk72, 164 
(1960) [Sov. Phys. Usp. 3,702 (1961) 1. 

'Yu. Kogan, Zh. Eksp. Teor. Fiz. 38, 1854 ( 1960) [Sov. Phys. JETP 11, 
1333 (1960) 1. 

"I. M. Tsidil'kovskii, Elektrony i dyrki v poluprovodnikakh (Electrons 
and Holes in Semiconductors), Nauka, Moscow, 1972, $314, 30. 

"YU. V. Gulyaevand I. I. Chusov, Fiz. Tverd. Tela (Leningrad) 21,2637 
(1979) [Sov. Phys. Solid State 21, 1517 (1979)l. 

l2W. E. Pinson and R. Bray, Phys. Rev. 136, 1449 (1964). 
13T. Kurosawa and H. Maeda, J. Phys. Soc. Jpn. 31,668 (1971). 

I4C. Jacabini and L. Reggiani, Rev. Mod. Phys. 55,645 (1983). 
"F. Herman, European patent specification 0031452B1, Int. C1. HOIL 

47/00, 1980. 
'"Yu. K. Pozhela, Fiz. Tekh. Poluprovodn. 18, 1467 (1984) [Sov. Phys. 

Semicond. 18,916 (1984)l. 
I7Yu. K. Pozhela, E. V. Starikov, and P. N. Shiktorov, Proceedings of the 

Fourth International Conference on Hot Carrier Semiconductors, Ins- 
bruck, 1985. 

"G. C. Dousmanis, Phys. Rev. Lett. 1,55, 168 ( 1958); G. C. Dousmanis, 
R. C. Dunkan, J. J. J. Thomas, and R. C. Williams, International Con- 
ference on Semiconductor Physics, Prague, 1960, p. 603. 

I9A. A. Andronov, V. I. Gavrilenko, E. P. Dodin, Z. F. Krasil'nik, and M, 
D. Chernobrovcheva, Preprint No. 40, Institute of Applied Physics, 
Gor'kii, 1981. 

'OR. C. Williams and F. Herman, Proceedings of the International Con- 
ference on Semiconductor Physics, Prague, 1960, p. 599. 

"A. A. Andronov, E. P. Dodin, and Z. F. Krasil'nik, Fiz. Tekh. Polupro- 
vodn. 16,212 (1982) [Sov. Phys. Semicond. 16, 133 (1982)l. 

22L. V. Berman, V. I. Gavrilenko, Z. F. Krasil'nik, etnl., Fiz. Tekh. Polu- 
provodn. 19,369 (1985) [Sov. Phys. Semicond. 19,231 (1985)l. 

23E. P. Dodin and 2. F. Krasil'nik, Fiz. Tekh. Poluprovodn. 18, 944 
(1984) [Sov. Phys. Semicond. 18,588 (1984)l. 

24L. E. Vorob'ev, Yu. K.Pozhela, A. S. Reklaitis, et nl., Fiz. Tekh. Polu- 
provodn. 12, 742 754 (1978) [Sov. Phys. Semicond. 12, 443, 440 
(1978)l. 

25L. Reggiani, C. Canali, F. Nava, and G. Ottaviani, Phys. Rev. B16,2781 
(1977). 

*'V. I. Gavrilenko, E. P. Dodin, 2. F. Krasil'nik, Yu. N. Nozdrin, and M. 
D. Chernobrovcheva, Pis'ma Zh. Eksp. Teor. Fiz. 35, 432 (1982) 
[JETP Lett. 35,535 (1982)l. 

27V. I. Gavrilenko, E. P. Dodin, and 2. F. Krasil'nik, in: Invertirovannye 
respredeleniya goryachikh elektronov v poluprovodinkakh (Population 
Inversions of Hot Electrons in Semiconductors), Gor'kii, 1983, p. 141. 

"A. A. Andronov, V. I. Gavrilenko, 0. F. Grishin, et al., Proceedings of 
the Fifth Symposium on Plasmas and Instabilities in Semiconductors, 
Vil'nyus, 1983, p. 82. 

29K. Kajita, Solid State Commun. 31, 573 (1979). 
jOE. M. Gershenzon, Yu. A. Gurevich, and L. B. Litvak-Gorskaya, Ukr. 

Fiz. Zh. 9, 948 (1964). 
31P. Flubacher, A. J. Leadbetter, and J. A. Morrison, Philos. Mag. 4,273 

( 1959). 

Translated by Dave Parsons 

221 Sov. Phys. JETP 63 (I), January 1986 Andronov et aL 221 


