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ABSTRACT

We here aimed to determined the minority carrier diffusion coefficient of germanium from
the capacitance -voltage characteristics of the. Au/Ge/Sn Schottky diode. For the device fab-
rication and 10 Chm-cm resistivity was used. The evaporation of gold and tin metals were per-
formed under a vacuum of 107° Torr. Capacitance-voltage-frequency characteristics were mea-
sured at room temperature and liquid nitrogen temperature. We experimentally determined
minority carrier diffusion coefficient as 47-57 cm? /s by means of the diffusion capacitance con-

cept of p/n junction which had been adapted into a Schottky barrier.

INTRODUCTION

The capacitance-voltage characteristic. of some metal /semicon-
ductor /metal structure strongly depends on frequency because of the
small energy band gap (Serin, 1983). Since the diffusion potential of the
minority carriers is small they easily diffuse into the semiconductor
bulk. The diffusion of minority carriers causes to rearranging of the
charge distribution within the depletion layer. The capacitance of the
structure, especially for forward biases, increases strongly with increasing
voltage and decreases with increasing frequency. This excess capaci-
tance is explained by means of the diffusion concept of the minority
carriers. It is the so-called diffusion capacitance. In this case, the measu-
red capacitance of a metal [semiconductor /metal structure consists of
diffusion capacitance, depletion capacitance and geometrical capaci-
tance (Scharfetter, 1965).
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The comparison which bases on D.L. Scharfetter’s paper (Schar-
fetter, 1965) showes that the minority carrier injection ratio of germa-
nium is approximately 103 times and 2x104 times greater than the mi-
nority carrier injection ratio of silicon for low and high injection con-
ditions respectively. (Yu, 1969), (Green, 1973). The reason for this is
largely due to the small energy band gap of germanium. The strong
temperature and frequency dependence normally disqualifies germa-
nium for device applications.

Here we aimed to determine the minority carrier diffusion coeffi-
cient of germanium by means of capacitance-voltage-frequency cha-
racteristics of the Au/Ge/Sn Schottky diode in the same manner as
followed for Au/Ge /Sb structure (Serin, 1985). In order to clarify the
influence of the minority carriers on the characteristics we carried out
the measurements for various frequencies. We found that our experi-
ments followed closely the diffusion capacitance theory (Serin, 1977).

EXPERIMENT

A piece of n-type germanium single crystal (thickness 85 pm) ha-
ving 10 Ohm-cm resistivity and < 111> direction was chemically cle-
aned. The sample was placed on the fiber holder by means of araldite.
A gold rectifing contact and a tin ohmic contact were applied to the
crystal.

Capacitance-voltage measurements were carried out at room tem-
perature. In order to exclude the influence of the diffusion capacitance,
for the reverse biases, a measurement was also performed at liquid nit-
rogen temperature (Serin, 1982), (Serin, 1983). For the experiments the
following equipment was used; Wayne Kerr Radio Frequency Bridge,
SR268 Wayne Kerr Source and Dedector, Keitheley’s Digital Electro-
meter. For the measurement at liquid nitrogen temperature, the de-
vice was inserted in to a closed and evaculated glass tube and plunged
into liquid nitrogen. Measurements were taken two hours later in or-
der to establish thermal equilibrium. We observed that the capacitan-
ce of Au/Ge/Sn structure generally increased at low temperature and
decreased with increasing frequency. At forward bias, (gold positive
and tin negative), capacitance first increased then decreased and app-
roached to zero. At reverse biases, it monotomically decreased and
then approached to the geometrical capacitance figure 1-2.
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Figur 2. Capacitance-Voltage characteristics for Jiquid nitrogen temperature. f(kHz): A500.
Bias: (a) (—) Au/Ge/Sn(+); (b) (+) Au/Ge [Sn(—).

THEORY

Under the some circumstances minority carriers of a semiconduc-
tor can create an additional capacitance in the rectifier contact. It is
the so-called the diffusion capacitance. It is due to the rearrangement
of minority carriers within the depletion layer. The small band gap of
a semiconductor is largely responsible for the diffusion capacitance.
It is of particular significance for a semiconductor such as germanium
(Neuberger, 1966). For the high frequency limit (Sze, 1969) diffusion
capacitance -is given by

e2 4/Dppnoexp(eV /kT)
v2rf kT

Ca = (1)
where e, Dy, pno» Vs k, T, f are electronic charge, the hole diffusion
coefficient, hole density in n-type semiconductor, voltage, Boltzmann’s
constant, absolute temperature and frequency respectively.
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When a metal makes a rectifier contact with a semiconductor a
depletion layer capacitance also oceurs in contact region. It depends
on the voltage and its polarity. It is given by

1/2
esgoNg

= [y ] @

where Vq, Ng, €, g0, are the diffusion potential, donor density, semi-

conductor permittivity, free space permittivity respectively (Good-
man, 1962).

RESULT AND DICCUSSION

The characteristics indicated that the equivalent capacitance of
the Au/Ge/Sn structure was equal to

Ct:Cd—}—Cs—i—-Cg (3)

the parallel combination of the diffusion capacitance Cq, Schottky ca-
pacitance Cg and geometrical capacitance Cg. Figure 3-4.
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Figure 3. The energy-band diagram of Au/Ge/Sn structure.

When equation (1), equation (2) and the value of geometrical ca-
pacitance €z = eg, /L are substitued in equation (3) a general expres-
sion for the total capacitance

1/2

C, — ezvmpnoexp(eV/kT) eggoNg ] 4 sio_ (4)

v2nf kT 2(Va—YV)
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Figure 4. The equivalent capacitance of Au/Ge/Sn Structure.
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is obtained. Where L is the thickness of semiconductor. liquation (4)
generally relates voltage-temperature-frequency characteristics of the
Au /Ge /Sn structure. For reverse biases the first term decreases expo-
nentially with increasing voltage and leaves the second and third terms.
As the voltage is increased, second term becomes smaller than the third
and later approaches to the geometrical capacitance. For sufficiently
small forward biases the first term of equation (4) is highly dominant.
For moderate biases, the second term also begins to contribute to the
first term. Capacitance of the structure nearly increases exponentially.
We also observed that capacitance cxponentially increased with incre-
asing voltage, especially for smal frequencies and biases. For larger
frequencies exponential region was narrow. Capacitance showed a ma-
xima then approached to zero due to the series resistance effect of the
semiconductor (Wiley, 1975).

For reverse bias of 0.05 Volt and for the liquid nitrogen tempera-
ture the first term of equation (4) is approximately equal to 1.1.x107%°
F/em2, The Schottky capacitance and the geometrical capacitance
are 6.6x10~° F /em?2 and 2.8x107"° F /cm? respectively. So sufficiently
large reverse biases the first and third terms of equation (4) are negli-
gible. Equation (4) is reduced into equation (2). When it was solved
for ¢

1 2V 2V

cz = eseoNg + esgoNg ()

is obtained.

The plotting of C* versus V we obtained a straight line which fol-
lowed equation (5). Figure 5. The V axis interception and its slope
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gave the diffusion potential Vj = 0.240 eV and donor density Ng —=
1.2x10" em—>. We saw that the value of the donor density was very
close to the value of 1.6x10" em~3 calculated from the resistivity equ-
ation o = 1/(eny).

In order to obtain the diffusion capacitance only, for forward
biases, we theoretically calculated the depletion capacitance Cg by
means of donor density and diffusion potential which were determined
from the liquid nitrogen capacitance-voltage characteristic. In order to
obtain the diffusion capacitance Cq only we subtracted the depletion
capacitance Cy and the geometrical capacitance Cg from the measured
capacitance due to equation (3).

The lifetime of minority carriers in germanium and the lowest
frequency of the measurement are 1073 s. and 500 KHz respectively. Then
the value of 2=fry, is equal to 3141 which provides the high frequency
limit (Sze 1969) and allowes to use equation (1). It is written in the
form of

- € 7o e2 +/Dppuo
Ln(CaT) = —— V + In [_(Tn\f)l/gpk_] (6)
When we plotted Ln(CqT) = In [ [C; — (Cs + Cg)] T] versus V we
obtained the straight lines for 500, 650, 1100, 1600, 2000, 2500 KHz
frequencies. Figure 6. The density of minority carrier py, was found
from n.p = n;? and substituted in In [e2 \/m Pno /(2wf)! k] which
was intercept of CqT axis. The minority carrier diffusion coefficent Dy
was determined as follows 47,49, 50,55, 58 em? [s. They were quite close
to the known value of 44 cm2/s and our previous research (Goucher,

1951), (Serin, 1985).

When we compare the values of the minority carrier diffusion coef-
ficient with each others we saw a shift with increasing frequency. For
500 KHz the first term of equation (4) is highly greater than the others
and it decreases with increasing frequency. When the frequenecy is inc-
reased, the first term of equation (4) rapidly decreases and approaches
to the depletion capacitance. Thus experimental errors in the value of
donor density Ng and diffusion potential Vq becomes more effective.
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Figure 6. I,n(CoT) versus V. f(KHz): A500, []650, (1100, @ 1600, 2000, 42500. Bias:



52 T. SERIN and N. SERIN

REFERENCES

GOODMAN, A.M., 1962, Journal of Applied Physics, 34 /2, 329.
GOUCHER, F.S., 1951, Physical Review, 81, 475.
GREEN, M.A., SHEWCHUN, J., 1973, Sotid Stade Electron., 16, 1141,

NEUBERGER, M., 1965, Germanium Bibliographic Supplement DS-143, 105., 1965, Germanium
Data Sheets, 105.

SCHARFETTER, D.L., 1965, Solid State Electron., 8, 299.

SERIN, N., 1977, Ph.D. Thesis, Department of Physics Science Faculty of Ankara University,
13.

SERIN, N., 1982, Doga Bilim Dergisi, 6/2, 47,

SERIN, N., 1983, Doga Bilim Dergisi, 7, 221.

SERIN, N., 1983, Journal of Technical Physics, 241, 121.

SERIN, N., 1985, Applicd Physics: A, 36, 209.

SZE, S.M., 1969, Physics of Semiconductor Devices (New York: Wiley Sons Inc.), 107.
WILEY J.D., MILLER C.L., 1975, Transactions on Electron Devices, 22 /5, 265.

YU AY.C.,, SNOW, H., 1969, Solid State Flectron., 12, 155.





