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Abstract—The theory of the thermopower in bipolar semiconductor samples is developed taking into account
the bending of the energy band near the semiconductor surface. The boundary conditions at the real metal—
semiconductor junction and the nonequilibrium space charge appearing near the sample surface are taken into
consideration. The model is constructed in the linear approximation in the temperature gradient, i.e., at a small
deviation of the carrier density from equilibrium in the sample bulk. It is shown that the dependence of the ther-
mopower on the temperature difference between the heater and cooler can become nonlinear at certain surface

parameters and thicknesses of the semiconductor.
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1. INTRODUCTION

Until recently, the approximation of local electrical
neutrality was used in most studies devoted to the the-
ory of thermopower in the bipolar semiconductor [1].
In this case, boundary conditions were formulated on
the virtual surface arranged at a distance of several
Debye lengths from the real metal-semiconductor
junction [2, 3]. As follows from the results of [4—7], the
approximation of local electrical neutrality is insuffi-
cient to study many problems associated with the effect
of the bending of the energy band on nonequilibrium
charge formation near the sample surface. In [4-7], it
was shown that nonequilibrium electron and hole den-
sities are redistributed in the space-charge region
(SCR) [3] due to the built-in electric field [4], i.e., the
nonequilibrium charge appears. This charge forms the
so-called surface-barrier emf [3] which can signifi-
cantly change the Hall voltage at certain bendings of
the energy band and a low surface recombination veloc-
ity. The semiconductor—metal junction plays an impor-
tant role in this process, which leads to asymmetry of
boundary conditions for nonequilibrium carriers [4-8],
since nonequilibrium electrons can freely cross the
semiconductor—-metal interface, while holes cannot.
In [6], the thermopower was calculated at small devia-
tions of electron and hole densities from equilibrium in
both the semiconductor bulk and SCR (linear approxi-
mation). This condition imposes a severe limitation on
the lattice temperature gradient, especially in the case
of an SCR depleted of equilibrium electrons. Under the
commonly used condition of a small temperature gradi-
ent (a small deviation of the carrier density from equi-
librium in the sample bulk), the problem for nonequi-
librium electrons and holes becomes nonlinear. In [9],
it was shown that the dependence of the surface-barrier
photovoltage on the absorbed light intensity becomes

nonlinear at a low photoexcitation level and certain
sample surface parameters. By analogy of the effects, it
is clear that the nonlinear dependence of the surface-
barrier thermopower on the temperature gradient can be
expected in the case of an SCR depleted of equilibrium
electrons.

This study is devoted to the development of the the-
ory of thermopower in bipolar semiconductors, which
takes into account the bending of the near-surface
energy band.

2. THEORY

Let us consider a bipolar semiconductor wafer
whose surface x = a has an electrical contact, and an
ideal thermal contact with a thermostat with tempera-
ture 7T,; the surface x = —a has the same contact with a
thermostat with temperature 7". Let us assume that the
sample thickness is much larger than the electron and
hole cooling length. Then temperatures 7 of all quasi-
particles are identical and

X
2a’

where T, = (T, + T")/2 is the average sample tempera-
ture, AT=T_-T, is the temperature difference between
semiconductor surfaces, and 2a is the sample thickness.
For definiteness, we set 7_> T,. Moreover, we consider
the semiconductor as nondegenerate at any x.

In what follows, we consider the case of a low tem-
perature gradient (AT << T,)) and a corresponding small
deviation of the nonequilibrium carrier density from
equilibrium values in the sample bulk.

The nonequilibrium densities of electrons on,
holes dp, and the nonequilibrium electric potential @

T(x) = Ty— AT (1)
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are found by solving the continuity equations [4, 10]
and the Poisson equation,

1dj, dn _8p _ )
edx 1, 7, ’

1dj,  dn Sp _ (3)
edx 1, T, ’

8¢ e

T2 8“30(3”—519), 4

where (—e) is the electron charge, j, and j, are the elec-
tron and hole current densities, T, and T, are the semi-
conductor bulk parameters with the dimension of time
(but not being electron and hole lifetimes), € is the
semiconductor permittivity, and €, is the permittivity of
free space. Expressions for recombination rates were
derived in [10] based on the Shockley—Read model and
the charge conservation law, and in [11] based on irre-
versible thermodynamics.

The expressions for the electron and hole current
densities in the general case are written as [2]

. d dn AT

Jn = _enun£+unkTOZ{—x +enunanﬂ’
do d ar @

jp = _epupzl;_ukaO-dL;-i-epupa‘pz-&’

where @ is the electrostatic potential, n and p are the
total electron and hole densities, |, and L, are the elec-
tron and hole mobilities, k is the Boltzmann constant,
and a,,, is the electron (hole) thermopower coefficient.
All kinetic coefficients in (5) were calculated at the
temperature 7,,. We note that dT/dx = —AT/2a, which
dictates the signs of the last terms in (5). The boundary
conditions were obtained in [4, 8] as

Ju(xa) = Fev ,dp(ta), (6)
Sn(ta) = 0, )
30y (ta) = 6¢(+a), 3)

where v, is the surface recombination velocity (SRV)
and 0@, is the change in the electric potential of the

metal contact.

Boundary conditions (6) and (7) can be interpreted
as follows. Nonequilibrium holes cannot cross the
metal-semiconductor interface (metal does not contain
holes); hence, they accumulate and recombine on the
surfaces x = *a. Nonequilibrium electrons can cross the
metal-semiconductor interface (the surface conductiv-
ity of electrons is sufficiently high [4]); therefore, they
do not accumulate on the surfaces x = ta, since metal
does not contain nonequilibrium electrons. We also
note that the thickness of the transition layer, which is
the interface itself in the case at hand (see [4]), is much
smaller than the Debye length. Therefore, v, is the
actual SRV on the semiconductor surface, in contrast to
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theoretical models based on the quasi-neutrality condi-
tion [2, 3].

The diffusion length A significantly exceeds the
Debye length rp in most semiconductors. Under this
condition, the solution to (1)—(3) may be sought in the
form of the sums of three modes, i.e., the classical (C)
spatial, diffusion-recombination (DR), and screening (S)
modes (subscripts C, R, and S, respectively),

on = SnR+8nS’ SP = SPR+6pS’

3¢ = Q¢+ 0y + 00;.

The characteristic length of the variation of the
DR mode is the diffusion length A, the characteristic
length of the variation of the S mode is the Debye
length rp, and the potential @ linearly depends on the
coordinate x.

)

Let the temperature gradient be small if the nonequi-
librium carrier density in the sample bulk is signifi-
cantly lower than equilibrium, i.e., the inequality dn; <
min{ng,, py} is satisfied, where ny(p,) is the density of
the equilibrium electron (hole) in the sample bulk.

We find the DR mode by solving Egs. (2), (3), and
(5), taking into account the condition A > rp. There-
fore, in calculating the DR mode, we can set n = n; +
Ong, p = po + Opg, and @ = @ + dQg. From (2) and (3),
we obtain

Jntip = 0. (10)
From (5) and (10), we find
_ (0,0, +G,0,)AT
Qc = e 24" (11)
3pr = (W, —W,)kT,0  dny, (12)
i donyg 6,0,AT
Jn = eD dx +(a’n_ p) G E’ (13)

where G, = englL, is the conductivity of the equilibrium
electron, 6, = epylL, is the conductivity of the equilib-
rium hole, 6 = 6, + 6, and D = (kT\/eG)(C,M, + O,IL,)
is the diffusivity. The continuity equation for the
DR mode is given by

d’8np dng
dx> A’

=0, (14)

where A = /Dt is the diffusion length and T =
T,T,/(T, + T,) is the lifetime of electron-hole pairs in the
sample bulk. Due to the symmetry of boundary condi-
tions (6), the solution to Eq. (14) is given by
+sinh (x/\)

Rsinh(a/))’

We note that the hole density of the DR-mode is related
to the electron density of this mode as dpg = (1 — Y)On,

dng = On (15)
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where ¥ o< rzD/ A’ < 1. Therefore, the approximation of

local electroneutrality in the sample bulk is satisfied
with high accuracy.

In the calculation of the S mode, we can disregard
bulk recombination, since this mode decays at a dis-
tance of several Debye lengths from the surface x = ta,
and the nonequilibrium carrier density decreases due to
recombination (DR mode) at the distance of the diffu-
sion length A. Therefore, the continuity equation for the
S mode [4, 5]

d.] N djpS
n — R 16
dx T odx (16)
transforms into the following system set:
Jus = const = 0, j,¢ = const = 0. (17)

Let us denote the S mode near the surface x = a as dny,
8ps, and 8¢y . Since AT > 0, it follows from (6) and

(13) that dng(a) = dnj >0 at v, = 0. Due to the relation
rp < A, we can consider that the DR mode is unchanged
in the region of S-mode existence. Therefore, we can
consider the densities 7, = n, + dny and p, = p., +

dny as equilibrium for electrons and holes of the
S mode near the surface x = a. Here, ng(pe,) is the

actual density of the equilibrium electron (hole). In
other words, the S-mode electron and hole densities are

measured from the n, and p, levels, respectively.
Therefore, from (5) and (17), we obtain

dng = (N + Sn;)[exp(e&ps) - 1}

kT,
(18)
. . €3y
Ops = (Peg + SnR)[exp(— AT, )— 1}.
From (18) and boundary conditions (7), we find
+ + + 6n+
Sps(a) = [piy+Snpl =7, (19)
Neg
kT -
501(a) = —<Topn| 14 21| (20)
e n:q

where nzq =nyexp(e@*/kT,), p;q = poexp(—e@*/kT,), and
¢° is the surface potential [2].

Let us denote the S mode near the surface x = —a as
dng, 8py, and 89y. Since dng(-a) = —dny < 0, the
S-mode electron and hole densities are measured from
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the levels 71_ = —(n,, + dng) and p_ = —(pe, + dny),
respectively. Therefore, from (5) and (17), we obtain

Ong = —(ng, + Sn;)[exp(—e&ps) - 1},

(21)
_ N edQg
Ops = —(Peg + SnR)[exp( kTOS)_ 1}.
From (21) and boundary conditions (7), we find
dpg(—a) = -8ps(a),
ps(=a) ps(a) 22)

395(—a) = -d¢5(a).
As follows from (20) and (22), the dependence of

the S mode potential ?S(p;£ (xa) on the injection level is
nonlinear at the negative surface potential. Therefore, at

¢* <0, from (6), (13), (15), and (19), we obtain
Mo, —o,) enypytanh(a/A)AT

Oy = 2a(ny+ py)kTy[1 + S tanh(a/A)]’

(23)

where Sep = (v, T/M[1 + pexp(—2e@*/kT,)/ny] is the
effective normalized SRV.

The thermopower U; measured between metal con-
tacts is

Ur = 80y(-a) -89y (a) = -280¢(a).
Finally, from (11), (12), and (20), we find
Ur = AQc+ Ay + Ay,

(24)

(25)
where

_(O(’ncn + apGP)AT

AQc

2UT,
o

2kT, dny e’
AQg = . ln[l +n—0exp(—kT0ﬂ.

Aoy (M, — 1,)dng,

3. RESULTS AND DISCUSSION

We can see from (25) that the thermopower consists
of three parts: the classical thermopower AQ, the emf
A@y caused by the nonequilibrium charge distribution
in the sample bulk (DR mode), and the surface-barrier
thermopower A, caused by the nonequilibrium charge
distribution near the sample surface (S mode). The lat-
ter two modes are formed as follows. The heat flow car-
ries away nonequilibrium carriers from the surface x = —a
to the surface x = a, since 7_> T,. Since SRVs on the
surface x = ta are identical and the electron mobility is
larger than the hole mobility, the density of the space
charge of the DR mode is negative at 0 < x < a.
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Thermopower Uy, mV

50}
40+
I
30}
2
20
3
10+
OF
| | | | |
0 5 10 15 20

AT, K

Dependence of the thermopower Uy on the temperature dif-
ference AT between the heater and cooler for 2a sample
thicknesses of (/) 0.04, (2) 0.1, and (3) 0.2 cm.

Therefore, the DR mode potential in this range is
positive, i.e., it decreases the thermopower (see (24)).
Since nonequilibrium electrons freely flow from semi-
conductor to metal, while nonequilibrium holes accu-
mulate near the surface x = a (see above), the density of
the space charge of the S mode is positive near this sur-
face. Therefore, the S mode potential near the surface
X = a is negative, i.e., increases the thermopower. We
can see from (23) and (25) that the dependence of the
thermopower U; on the temperature difference AT can
become nonlinear in the region of the negative surface
potential at small SRVs (v, < A/1) and in samples that

are not bulk samples (a < A). Under the condition n, <

n:q , the thermopower is identical to that obtained using
the expression derived in the linear approximation [6].

Let us introduce the nonlinearity coefficient B of
the functional dependence U(AT) as

Uy
=—r 1
By F(O)AT

where F(AT) = dU;/d(AT). An analysis of (23) and
(25) shows that |By| is at a maximum, when the
surface potential is given by ¢ = ¢, =
(kT/2e)In[ v, tpy tanh (a/) Ing)].

The figure shows the dependence of the ther-
mopower U on the temperature difference AT between
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heater and cooler for a sample with the Ge parameters
(Tyo =320 K, A = 0.1 cm, p,, = 3800 cm*(V s), p, =
1800 cm?/(V s), @* =70 mV, and v, =20 cm/s) at sev-
eral half-thicknesses of the sample. Curves / and 2 were

calculated to such AT, at which the condition 8ny <0.1n,

is satisfied. We can see that the nonlinearity of the
curves U (AT) decreases with the sample thickness. For
example, for AT=9 K, By=-0.35ata=0.02 cm, By =
—-0.23 at a = 0.05 cm, and By = -0.14 at a = 0.01 cm.
Thus, the thermopower nonlinearity effect is pro-
nounced in thin samples at small SRVs in the surface

potential range (@,, — kT/e) < @* < (@,, + kT/e).

4. CONCLUSIONS

Based on the exact solution of the continuity equa-
tions and boundary conditions at the real metal-semi-
conductor interface, the theory of the thermopower in
bipolar semiconductors was developed taking into
account the bending of the energy band on the sample
surfaces. It was shown that the dependence of the ther-
mopower on the temperature difference between the
heater and cooler can become nonlinear at low surface
recombination velocities in thin samples and in a certain
range of the surface potential. The method developed in
this study can also be efficiently applied to calculate other
emfs (photomagnetic, Hall, and photovoltage).
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