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Nonlinear size effects of hot electrons in semiconductor thin films
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Theory of nonlinear heat size effects is developed in semiconductor films in the presence of external d.c. electric field. It is supposed that

this field is applied along the film surfaces. The electron temperature is introduced, and it is shown that it depends on the electric field and

the film thickness. The main equations are obtained for calculation this temperature, and analysis is done for the case of the weak electron
heating. The characteristic length of the problem is discussed. It is the electron cooling length measured on submicron scale. It is shown that
the heat size effects arise in the case when this length is comparable or less of the film thickness.

Keywords: Semiconductors film; electron temperature; cooling length; size effects; nonlinear electric conductivity.

Se desarrolla una teiar de los efectos de grosor en semiconductores cuyo grosor es del orden de la longitud de @dogitud de
enfriamiento), la cual normalmente es de dimensiones submicronicas. Se supone que el eatmipo efitico se aplica a lo largo de la
superficie. La temperatura de los electrones se introduce bajo la sopaéicgue se cumpla la condiai de dispergin cuasidhstica sobre
los fonones agsticos. Se muestra que la temperatura depende de la intensidad del cacticoef del grosor de la peula. Se presentan
las ecuaciones fundamentales para calcular esta temperatura y se hatisisl@ara el caso en que se tiene un calentamiestii. dor otro
lado, se presenta la disc@sisobre la conductividad&gtrica no lineal.

Descriptores: Pelculas semiconductoras delgadas; electrones calientes; longitud de enfriamiento; conducéviriad eb lineal; efectos
de grosor.

PACS: 72.20.Ht; 73.50.Fq

1. Introduction The cooling lengths are different in different semiconduc-
tors but usually vary from0~—* up to10=2 ¢cm [3]. They are
Microminiaturization of modern semiconductor devises leadsne of the greatest in the kinetic phenomena of semiconduc-
to decreasing of dimensions of the semiconductor workingors, and fabrication of semiconductor films with these thick-
regions taking part in the electric transport. In a number ofess does not the problem today. Just this fact determines the
cases these dimensions can be comparable with some chgfeat theoretic and experimental interest to discussed effects.

acteristic parameters having the dimension of length. One ofhe present paper has the aim to study some aspects of them.
them is the energy diffusion length (cooling length), that ap-
pears under the quasie_lastic collisions between the carriers_ g Electron heating and symmetric electron dis-
charge and the scattering centers (for example the scattering , ., .. .
on acoustic phonons) when d.c. electric field is applied to the tribution function
semiconductor sample. Let us consider the isotropic, nondegenerate n-type semicon-
In this case the energy relaxation timeis much greater ductor layer with the thicknesa: in the z-direction. At the
than the momentum relaxation time Evaluations show that same time this layer is supposed to be infinite in ghand
the ratio of these times are of the order)/(7) ~ 10% atthe  z- directions. We assume that the external, homogeneous d.c.
room temperature. Presence of two relaxation times (“fastelectric field £, is applied along the-axis, and the sample
and “slow”) leads to appearance of the characteristic diffusurfacest = Fa contact with the heat reservoirs having the
sion lengthl, = V(77.)'/? [1] which has been called above constant temperatufg, (the equilibrium temperature).
by the cooling length, her&r is the mean heat velocity of We will also assume that the carrier density is suffi-
the carriers of charge. This length is considerably exceedsiently high so the cooling length exceeds the Debye radius
the mean free path, and the heat size effects are associated = \/(xTp)/(4me?n), wherex is the dielectric permittiv-
namely with it. In the simplest case the heat size effects ar#y, ¢ is the electron charge, and n is the electron concentra-
demonstrated by the coordinate dependence of the mean aimsn. We use the energetic units in this paper, so the Boltz-
ergy of carriers and in the nonlinearity of the current-voltagemann constant is equal to unity. This supposing allows to ne-
characteristics under decreasing of the film thickness. Thglect the charge redistribution in the presence of the electric
existence of these effects firstly has been reported in the efield. In this case the electron density is equal to the equilib-
perimental paper [2]. rium concentration in any point of the layer.
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At the same time we are supposing similar to Ref. 4 tha@3. Main equations of theory
the characteristic time of the electron-electron collisions } ] ] )
sume that the inelastic scattering mechanisms such as impa&@nd y- and »- directions essentially exceed the cooling

ionization, scattering on the optic phonons, and so on do ndgngthl.. In this case all values depend on the coordinate
OCCUT. only, and the problem is one-dimensional. Besides, we con-

sider that the phonon subsystem is equilibrium, and is de-
scribed by the temperaturg,. So, the electron tempera-
tureT.(x, E.) can be found from the following heat balance

The inequalityr.. < 7. formally permits the exis-
tence of arbitrary ratio between the times and r (from
Tee < T 10 7.e > 7). Nevertheless, the following correla-
tion 7.. > 7 [4], really takes place in an unipolar semicon- Eq. (5):

ductor. Thus, the characteristic times of the problem satisfy gy (» E.)  nT, (T.(x,E.)
the following conditions: xd — = —1) =j4.E. (4)
x Te(Te) Ty
T < Tee K Te. (1) Here,W.(z,E.) = —xe(Te)(dTe/dx) is the electron ther-

mal flux in the absence of the electric current along ithe

From the physical point of view it does mean that being maxers;(jx = 0); Xeér?) 'is the glectron thermal Condlfﬁti\_/ity
the electric field, electrons first of all get the energy from thatt t€ same con hltlomlm = 0 (T I: Toe(TE_/TO) .’

field and very fast redistribute it between themselves. AfJz = o(T.)E: is the electric current along-axes;o () is

ter that the energy relaxation to phonons is beginning. "the electric conductivity of_the_ hot electrons. Equations for
this case the electron subsystem is quasi independent froﬁ{Te) andX@(Te_) one can find in Ref. 7. The factog. and

the phonon subsystem and can be characterized by the O\ﬁﬁ(ponenq_ are listed in Tab_le | of Ref. 5

thermodynamic electron temperatdfe(z, E. ) [4], and the Equation (4) has the simple physical sense. The change
dependence on appears due to the posisible energy surfacé)f the electron heat flux associates with the Joule heating (the
relaxation. That temperature can exceed the equilibrium tenfi9ht-hand side), and the energy transfer to the phonon sub-

peraturely, and by this reason these electrons are known a§yStTer?_1 (secon_d term in tge Ieft'h?”d 5|de()j. by the bound
the hot electrons. Thus, the symmetric part of the electron IS equation must be supplemented by the boundary

distribution function in the d.c. electric field can be written cONditions, determining the heat exchangerat Fa sur-
in the following form [4]: faces . They can be written in the following form [5]:

c w ‘m:Ia = :I:n:t (Tf’ - TO) |m:¥a ) (5)

fole,x, E) = 3 T7(1 5 e Te(z,E:)  (2)  wheren. are the electron surface thermal conductivities.
Tmlde(x, Liy)|2

Heree is the electron energyy is the electron effective mass. 4. Nonlinear electric conductivity of thin films

It is well known that under quasielastic collisions the full Let us assume that the external field is weak enough (the cor-
nonequilibrium functionf(e, ) can be represented by the respondent criterion will be discussed later). By this reason
following Eq. (5): the electron temperatuf@ (z, E,) can be represented in the

. following form:
P
p1’
wheref; (e, 7) is the asymmetric part of the electron distribu- Wwhere AT, (z, E.) is the small addition to the equilibrium
tion function, 7 is the momentum vectofj] = v2me, and ~ temperatureAT, (z, E.) < Tp.

f(€777):f0(£,77')+f1(57f') 3)

T.(z,E,) =T+ AT(x, E,), (6)

fi < fo. In this case Eq.(4) can be rewritten in the following form:
' It'is importgnt to note that the asymmgtric part of the dis- AT, (z, E.) , 50
tribution functionf; (¢, ¥)can be easy obtained with the help . +k*AT.(z,E,) = X—EZ. @)
0

of the functionf, (see, for example, Ref. 5). In our case both
fo and f; are depended on the electric fidid also through Here
the electron temperatufé (z, F,). 1 1

So, finally the problem is reduced to the calculation of k? = 2= vz, =

. e T7T0Te0 X0T<0

the electron temperatufe(x, E.). The dependence of this
temperature on coordinates just leads to appearing of the siie the squire of the reciprocal cooling length; is the mo-
effects. The dependence of the electron temperafliren  mentum relaxation time of the energy equilibrium electrons;
the electric fieldE, leads to the nonlinearity of the electric oy andx, are the electric and thermal conductivities at the
conductivity. equilibrium temperature, respectively.

n
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The solution of Eq.(7) with the boundary conditions (5) is the coefficient of nonlinearity in the case when the elec-

is tron temperature is homogeneous along the film thickness
0070 . e (infinitely long sample or the elastic scattering at the surfaces,
ATe(x’ Ez) = n (1 - 016 o 626 ) EZ’ (8) €i - 0)1
where - 264 §_thka+ &4 +&-
£k k 7T G thka + (€5 + &) (1+ th?ka)’ 1
o Er (k& )ethefe (1&g )eFha
P A4+ &) ek — (1— &) (1— € )e2ka’ The second term in Eq.(12) is accompanied with the cool-
N ing of the electron gas at the film boundaries due to the pres-
€ = xoa' ence of inelastic surface scattering mechanisms.

It is followed from the definition3,, [see Eq. (13)] that
The expression in the brackets in Eq.(8) does not exceed$ ~ ( if the electric conductivity increases with the elec-
unity within the limits of 0 < ¢4 < oo, i.e. under the tron temperature increasing under some electron scattering
variation of the heat boundary conditions from the adiabatignechanisms. In this case the current-voltage characteristic
boundary conditions to the isothermal ones. So, the condis superlinear curve. In the opposite case, when the electric
tion of the weak electron heatin§7. (z, E.) < Tp cantake  conductivity decreases with increasing the electron tempera-

place if ture,3 < 0, and the current-voltage characteristic is sublinear
curve.
nTO . .. .
E, < Ey=4/—. 9) It is easy to see that the coefficient of nonlineafitde-
o0

creases with decreasing of the film's thickness, and tends to
The characteristic electric fieltl, can be rewritten in the ~ Zero if this thickness is much less than the cooling lehgth
form Ey = (Ty)/(el.). Thus, it is the field in which the This means that the deviation from the Ohm’s law in the thin
electron increases its equilibrium energy twice much in thefilms have to be observed at the intensitiediofoeing much
distance of the cooling length. greater than in the thick samples.
Setting the temperaturg, (z, E.) from Eq.(6) to equa- It is follows from Eqgs. (6) and (8) that the surfaces
tion for the electric currenj, = o(T,)E., and averaging * = Fa cool the hot electrons throughout the volume of the

it by the sample section we obtain that the average electrifilm if its thickness is less or is of the order of the cooling
current length. At the same time these surfaces are cooling the hot
carriers only nearby the surfacesiifs> ..

1 a
<y >= —/AT (z,E.)dz = 0o (1+ BE?) E.. (10) _
2a ) 5. Conclusion

Here It is analyzed the simplest size effect in thin films which
a comes to the inhomogeneous of the electron heating along

1 dog (Te) 1 AT (2)d 1 the film’'s thickness in the presence of d.c. electric field di-
-~ 2a00 dT, =1, E? / o(w)de (11) rected along the film surfaces. This heating results in the de-

—a viation from the Ohm’s law, and this deviation is different in

is the coefficient of nonlinearity describing the carrier heatingthe thick and thin semiconductor layers. The criterion of the

by the external electric field. thick and thin layer is defined by the ratio between the sam-
Taking into account Eq.(8) we can get that ple length and the cooling length. The observed size effects
must be taken into account under the designing the submicron
thka electric circuits
= o) 1 — 5 12 '
5= 6 (1- ) 12
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