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Model of Schottky junction admittance taking into account incomplete impurity ionization
and large-signal effects

Andrei V. Los* and Michael S. Mazzola
Mississippi State University, Department of Electrical and Computer Engineering, Box 9571, Mississippi State, Mississippi 39
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A general model for the Schottky junction reverse bias admittance is created. The model takes into account
incomplete impurity ionization and does not rely on the small-signal approximation, so that impurity rate
equations are not linearized. The model is valid at arbitrary temperatures for an arbitrary periodic bias ampli-
tude and harmonic content as long as the free-carrier relaxation time is much shorter than the bias period.
Impurity ionization is treated in the framework of the Shockley-Read-Hall statistics; free-carrier distribution is
assumed to be an equilibrium one. The model allows calculation of the junction potential distribution and thus
the junction transfer function and admittance. Junction admittance is calculated for different ac bias amplitudes
and the results are compared with the data obtained from the small-signal model. It is shown that the model fits
experimental junction admittance more accurately than the small-signal model when the ac component of the
potential is large with respect to the thermal potentialkBT/q.
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I. INTRODUCTION AND BACKGROUND

Semiconductor junction admittance is one of the most
portant junction characteristics. Accurate description of t
quantity is important for semiconductor device characteri
tion and simulation. In most cases admittance of an id
junction is considered to have only the imaginary part,
capacitance; the real part, the conductance, results from
junction nonideality, i.e., leakage. The junction capacitan
is usually described using Schottky’s formula1,2

C5A q«Nd

2~wB2VA!
,

whereNd is the semiconductor doping impurity concentr
tion, « is its permittivity,wB is the junction built-in potential,
VA is the applied bias voltage, andq is the electronic charge
This formula, although accurate enough in many cases
based on several assumptions which may not be satisfied
number of important applications. First, the depletion a
proximation is assumed to be valid. In reality, particular p
tential and charge distributions, which are functions of s
eral factors such as doping occupation and applied b
affect the junction admittance. Second, it is assumed
impurities are completely ionized throughout the semic
ductor. This is typically true for doping impurities in trad
tional semiconductors such as Si or GaAs at room temp
ture. However, the degree of ionization of common dopa
may be far from unity in such wide band-gap semiconduct
as SiC or GaN even at room temperature. Some degre
carrier freeze out may also be present in a semicondu
containing deep traps or at lower temperatures.

If an ac bias, such as an impedance meter measure
signal, is applied to a junction and incomplete impurity io
ization is present, the ac signal may lead to periodic impu
ionization/neutralization in a vicinity of the point of interse
tion of the impurity level with the corresponding quasi-Fer
level. This charge change results in an additional compon
in the junction admittance, which is not taken into accoun
0163-1829/2002/65~16!/165319~8!/$20.00 65 1653
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Schottky’s formula~because it takes into account only th
free carrier sweep out at the space-charge region bound!.
Impurity ionization processes are not instantaneous and
the ionization time constant is comparable to or larger th
the ac bias period, these processes will lag the bias chan
In this case the junction admittance will be frequency dep
dent and will contain a conductive component. At very hi
frequencies or at low temperatures when the free-carrier
laxation time becomes comparable with the ac signal per
the lag in the free-carrier response needs to be accounte
as well.

The effects of incomplete impurity ionization on the jun
tion admittance have been confirmed experimentally b
number of authors.3–8 First theoretical treatment of the junc
tion admittance in the presence of an incompletely ioniz
impurity was performed by Vul, who calculated the capa
tance of apn junction at an arbitrary temperature~and, there-
fore, impurity fractional ionization!.9 The author did not use
impurity ionization statistics; therefore, the obtained capa
tance value is that for the low-frequency limit. Also, th
author used the depletion approximation. The expression
tained for the capacitance coincides with Schottky’s formu
which is a natural result since under the depletion appro
mation the impurities are assumed to be completely ioni
in the entire depletion region by the electric field. Robe
and Crowell10 have given an exact expression for the lo
frequency Schottky junction capacitance. This expressio
valid for any number of impurities with arbitrary ionizatio
energies at any temperature, as long as the impurity ion
tion processes respond to bias changes instantaneously
properly takes into account the junction potential distrib
tion, i.e., without assuming the depletion approximation
its variants.

To correctly describe the situation when the impurity io
ization time constant is comparable with the ac bias peri
and the impurity ionization processes occur out of phase w
the bias, an analysis which would include a description of
probabilistic impurity ionization processes is needed. Su
an analysis was first done by Sah and Reddi4 for the capaci-
©2002 The American Physical Society19-1
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tance of apn junction containing a single deep level. Th
authors used the truncated space-charge approximation
Shockley-Read-Hall statistics11,12 for trap centers to obtain
expressions for the junction capacitance as a function of
plied dc bias in low- and high-frequency limits. In the tru
cated space-charge approximation Poisson’s equation is
plified by introducing a piecewise-constant space-cha
distribution under the assumption that deep impurit
change their charge state from zero to unity due to a b
change only in the point where the impurity energy lev
intersects the corresponding quasi-Fermi level. This appr
mation therefore does not allow correct calculation of
magnitude of the space-charge region charge change du
the impurity ionization and also implies a single impuri
time constant instead of a time constant distribution in
region where impurity charging-discharging takes pla
leading to an inaccurate calculation of the frequency dep
dence of the junction admittance.

Another approximation Sah and Reddi made is that the
potential does not change the free carrier and the ion
impurity concentrations significantly, so that the changes
these quantities can be treated as perturbations, and m
values of these quantities are approximately equal to t
static ~when only the dc bias is applied! steady state values
This approximation is equivalent to the assumption that
ac potential is small with respect tokBT/q in the regions
where potential changes can lead to changes of other j
tion parameters, i.e., the small-signal approximation. T
small-signal approximation allows linearization of impuri
rate equations and transformation of the Poisson equatio
use the static potential as the independent variable, so
calculation of the junction admittance can be done with
finding an explicit solution for the potential.6,10 The approxi-
mation, however, is valid only in a limited range of ac vo
ages and temperatures. For example, a standard ac mea
ment signal used in impedance meters is 30 mV rms.
amplitude of this signal is about 42 mV, which is larger th
kBT/q at room temperature. Impurity charging-dischargi
takes place in the depletion region tail, where the value
the ac potential is smaller, so one can hope that in this reg
the small-signal approximation is valid. However, for larg
ac bias amplitudes and at lower temperatures a model w
does not rely on the small-signal assumption is needed.

Several authors obtained expressions for the junction
mittance without using truncated space-charge or single t
constant approximations. Perel and Efros13 obtained low-
and high-frequency expressions for thepn junction capaci-
tance by artificially introducing an impurity time consta
distribution as a function of the ratio of shallow and de
impurity concentrations. Forbes and Sah14 used the equiva-
lent circuit approach to modelpn junction small-signal ca-
pacitance and conductance in the presence of a single
trap. The model takes into account the true impurity tim
constant distribution but is valid only at zero bias and can
be easily extended to other bias conditions. Oldham
Naik7 obtained expressions for the capacitance and con
tance of apn junction with a trap as a function of frequenc
They modified the truncated space-charge approxima
slightly and used finite-thickness charge sheets to mode
16531
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regions where impurity ionization takes place. Beguwala a
Crowell15 calculated the small-signal admittance of a jun
tion device at an arbitrary temperature and frequency in
presence of multiple deep traps with arbitrary time const
distributions and synthesized the junction equivalent circ
for this case. This treatment requires numerical integrat
The conductive component of the admittance is expresse
the imaginary part of the capacitance. A very general tre
ment of the Schottky junction admittance has been prese
by Losee.6 The author extends the approach of Roberts a
Crowell10 to any ac bias frequency. The author’s model
the Schottky junction admittance is valid for any number
impurity species and any ac bias frequency, and takes
account~implicitly ! a particular potential and impurity time
constant distributions in the junction space-charge reg
The model requires numerical integration and is again va
only in the small-signal case. This model is the most gene
small-signal model and will be compared with the gene
large-signal model that we develop in this paper.

An attempt to overcome the limitations of the small-sign
approximation and calculate the reverse bias junction ad
tance for an arbitrary ac bias amplitude was made by Fr
don and Hoffmann in a series of papers.16–18 The authors
took a general expression for the junction capacitance
dependenceC5C0wB

a(wB2VA)2a and used the specific
sinusoidal excitationVA5Ve cosv t with an arbitrary ampli-
tudeVe to calculate the junction capacitance change from
small-signal value as a function of the ac to dc bias ra
This approach, however, has a limited applicability and
curacy, since it fails to take into account particular poten
or charge distribution changes caused by the ac bias b
large or the impurity ionization effects.

In this paper we develop a very general reverse b
Schottky junction admittance model, which does not rely
either the small-signal or the truncated space-charge app
mation. It is valid at arbitrary temperatures for an arbitra
periodic bias amplitude and harmonic content and arbitr
impurity energy-level distributions~changes in the free
carrier relaxation time are not considered!. In the next sec-
tion, we present theoretical development of the model.
Sec. III, we perform admittance calculations using the mo
and the general small-signal model. We show the influe
of the applied ac bias amplitude on the junction admittan
In Sec. IV, we present experimental data for the junct
admittance in a temperature range where the small-sig
condition is not satisfied and compare least-squares fits o
general and small-signal models to the data. The result
this paper are summarized in Sec. V.

II. THEORY

In the development of the model we will make seve
assumptions. First, it is assumed that the junction is in
dark, the leakage currents are negligible, and the dielec
relaxation time is much shorter than the maximum ac b
period under consideration. The latter condition may not
satisfied at very low temperatures when the carriers
freezing into the shallowest impurity. We assume that t
occurs at temperatures lower than the temperature at w
9-2
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MODEL OF SCHOTTKY JUNCTION ADMITTANCE . . . PHYSICAL REVIEW B 65 165319
the impurity ionization processes affect the junction adm
tance. These assumptions allow us to treat the free-ca
distribution as in equilibrium, so that the carrier density c
be calculated simply from the Fermi-Dirac or Boltzmann s
tistics, without the need to take into account the free-car
density time dependence or the Fermi level changes ca
by excessive carriers.

Next, it is assumed that Shockley-Read-Hall statistics
applicable for impurities. With this model limitations in cap
ture or emission rates arise only from the availability of
electron to enter the impurity and the existence of an im
rity state which could accept this electron. It is assumed
once the electron is captured, it can be reemitted insta
~with the corresponding probability, which is a function
temperature, local electric field, and impurity paramete!.
Another possible process, namely, the readjustment of
electron in the impurity after the capture act, is neglect
That is, it is assumed that the electron is captured dire
into the ground state, or that its transition to the ground s
is instantaneous, or that the probability of its emission fr
any other state in which it could be captured is the same
from the ground state.11

In general, the application of an arbitrary bias to the se
conductor junction results in the excitation of an infin
number of junction current harmonics. The total current c
be represented in a Fourier integral or, if the current is p
odic, in a Fourier series form. The junction can then be
scribed by its transfer functionY, which relates the ampli-
tudes of the current harmonics to the amplitudes of
applied bias harmonics and satisfies the equationJ5YV ,
whereJ is the current density vector andV is the bias volt-
age vector. Both the current and voltage vectors have
general, infinite dimension and are complex, which ta
into account any existing phase shifts; the transfer functio
an infinite dimension complex matrix. Since junction leaka
currents are neglected, the total current at the semicondu
metal interface contains only the displacement compon
and thus the matrix elementsykl of the transfer function in
the case of periodic bias withm harmonics can be calculate
as follows:

ykl5
2 ikv«

m S 1

w l

dwk

dx D
x50

,

wherewk are the components of the junction potential vec
~band-edge energy measured relative to its value in the bu!,
and the pointx50 corresponds to the semiconductor-me
interface.

When the junction admittance~or impedance! is measured
by an impedance bridge, a sinusoidal measurement sign
amplitudeVac is applied to the junction together with a~pos-
sibly zero! static bias of amplitudeVdc. Usually the mea-
surement circuit of the impedance bridge filters out all h
monics of the junction current but one, corresponding to
frequency of the measurement ac signal.19 The ratio of the
amplitude of this harmonic of the current toVac is the mea-
sured junction admittance, which can be defined as
16531
-
ier
n
-
r
ed

re

-
at
ly

e
.

ly
te

as

i-

n
i-
-

e

in
s
is
e
or-
t,

r

l

of

-
e

Y[y1152 iv«S 1

w1

dw1

dx D
x50

. ~1!

To find the junction potential one has to solve Poisso
equation

d2w

dx2 52
q

« S (
d

Nd
12(

a
Na

22n1pD , ~2!

whereNd
1 is the concentration of ionized donor species,Na

2

is the concentration of ionized acceptor species, andn andp
are electron and hole concentrations, respectively. Since
ac bias can have any value, all, or at least several, harmo
of the junction potential need to be taken into account
large ac potential can significantly change the mean value
the junction parameters compared to their static values,
these changes will not be proportional to the potential;
junction static potential will not define the mean values
the junction parameters anymore, and thus cannot be use
the independent variable, so that Poisson’s equation ca
be transformed correspondingly.

Since it is assumed that free carriers are in thermal e
librium, the corresponding quasi-Fermi levels are gradie
free, and the continuity equation contains only generat
and recombination terms which compensate each ot
Thus, this equation does not introduce anything new into
problem and can be omitted. Neglecting multiple charg
effects, impurity occupation can be calculated from a se
standard Shockley-Read-Hall equations11 for each impurity
species

]Nd
1

]t
5en~Nd2Nd

1!2CnnNd
12epNd

11Cpp~Nd2Nd
1!,

~3a!

]Na
2

]t
5ep~Na2Na

2!2CppNa
22enNa

21Cnn~Na2Na
2!,

~3b!

where Nd and Na are concentrations of electrically activ
donor and acceptor impurities,en and ep are electron and
hole emission coefficients, andCn andCp are their capture
coefficients, which are all assumed to be independent fr
the particular conduction- or valence-band state which
charge carrier is emitted to or captured from. For a semic
ductor with nondegenerate free electron and hole distri
tions, the carriers are captured from and emitted to the st
near the conduction- or valence-band edge, and this co
tion is satisfied.

For donors in the upper half of the forbidden band a
acceptors in its lower half, interaction with valence and co
duction band, respectively, can often be neglected, wh
means that the corresponding capture and emission co
cients in Eqs.~3! can be set equal to zero. To make furth
derivation more concise we consider a single donor impu
to be present in the semiconductor. The results will then
generalized to any number of donors or acceptors. A
these simplifications, the donor impurity rate equation b
comes
9-3
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ANDREI V. LOS AND MICHAEL S. MAZZOLA PHYSICAL REVIEW B 65 165319
]N1

]t
5en~N2N1!2CnnN1, ~4!

where the subscript ‘‘d’’ is omitted for brevity.
By assuming continuity of the potential and its derivativ

it easily follows that for an arbitrary periodic bias at a tim
sufficiently long after any transient processes following
bias application have passed, the junction will be in a ste
state with the potential and ionized impurity and free-carr
concentrations being periodic functions, which can be rep
sented in a Fourier series form

N15N0
1 (

k52`

`

ake
ikvt,

n5n0 (
k52`

`

bke
ikvt,

w5b (
k52`

`

cke
ikvt,

whereb[kBT/q, n0 , andN0
1 are the electron and ionize

impurity concentrations in the semiconductor bulk, resp
tively, and Fourier coefficientsbk andck are given by

bk5
v

2p E
2p/v

p/v n

n0
e2 ikvtdt,

ck5
v

2p E
2p/v

p/v w

b
e2 ikvtdt.

Substituting Fourier expansions forn andN1 in the rate Eq.
~4!, the following system of linear equations is obtained
ak :

ak~ ivk1t21!1Cnn0 (
m52`,mÞk

`

ambk2m50, kÞ0,

~5a!

a0t211Cnn0 (
m52`,mÞ0

`

amb2m5en

N

N0
1 , ~5b!

wheret5(en1Cnn0b0)21 is defined as the impurity ioniza
tion time constant.6 System~5! allows the Fourier coeffi-
cientsak of the ionized impurity concentration to be calc
lated if Fourier coefficients bk of the free-carrier
concentration are known.

The free-carrier concentrationn should, in general, be
found using Fermi-Dirac statistics, so that Fourier coe
cientsbk are given by

bk5
v

2p E
2p/v

p/v F 1

n0
E

Ec

`

g~E! f ~E2w,mF!dEGe2 ikvtdt,

where g(E) is the conduction band density of states a
f (E,mF) is the Fermi distribution function. The bulk value
of the free-electron concentrationn0 and the Fermi levelmF
can be found from a charge neutrality equation. To ma
16531
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further discussion more concise we will assume that the fr
carrier distribution is not degenerate, Boltzmann statis
apply, andn is given by n5NCe(Ec2mF)/kBT5n0e2w/b. In
this case expression for the Fourier coefficientsbk is simpli-
fied

bk5
v

2p E
2p/v

p/v

expS (
l 52`

`

cle
il vtD e2 ikvtdt. ~6!

In the small-signal caseuc61u!1 andck50 for uku.1.
Then, the exponent in the integral forbk can be represente
by only the zero and first-order terms of its Taylor expans
ec0(11c21e2 ivt1c1eivt). Consequently, onlybk with uku
<1 are nonzero and are given by:b05ec0, b615ec0c61 .
This result is expected since in the small-signal case the f
carrier concentration change is linear in the ac potent
Next, neglecting second-order terms in Eq.~5!, Fourier co-
efficientsak are found as follows:

a05
en

t21

N

N0
1 ,

a6152
Cnn0

iv1t21 a0b61 ,

ak50, uku.1.

The solution fora1 is the same as given by Losee’s sma
signal model for the proportionality coefficient between t
ac potential and the corresponding junction charge chan6

The expression fora0 can be rewritten in the following form

en~N2a0N0
1!2Cnb0n0a0N0

150.

Here,b0n0 anda0N0
1 are mean values of the free-carrier a

ionized donor concentrations, and this relation expresses
fact that in the small-signal case the junction is in a qua
equilibrium state with the capture and emission proces
compensating each other. For an arbitrary amplitude ac b
as it follows from Eq.~5!, the mean value of the ionize
impurity concentrationa0 depends on the junction potentia
harmonics of nonzero order.

Using the Fourier expansions forN1 and n, Poisson’s
equation is transformed into a system of differential eq
tions for ck

d2ck

dx2 52
q

«b
~N0

1ak2n0bk!, k50,1,2,...,. ~7!

Each Eq.~7! is a two-point second-order boundary-valu
problem forck , which should be solved numerically~note
that the Fourier coefficients with the indices having oppos
signs are complex conjugate, and thus, only the coefficie
with positive indices need to be calculated!. For the case of a
sinusoidal applied bias, the boundary conditions are

c0~0!5~wB2Vdc!/b, c1~0!5Vac/b,

ck~0!50, k.1,

ck~`!50,k50,1,2,...,. ~8!
9-4
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The system of Eqs.~7! allows one to calculate junction
potential distribution, the junction transfer function coef
cients and, as a particular case, its admittance for the ca
a single donorlike impurity in a semiconductor with ele
trons being the majority carriers and a negligible hole c
centration. This system is easily generalized to the case
semiconductor with an arbitrary number of impurity speci
provided their energy levels are situated far from the mid
of the forbidden band so that interaction of the donorl
impurities with the valence band and interaction of the
ceptorlike ones with the conduction band is negligible

d2ck

dx2 52
q

«b S (
d

Nd0
1 adk2(

a
Na0

2 aak2n0bk1
p0

bk
D ,

k50,1,2,..., ~9!

where indices ‘‘d’’ and ‘‘ a’’ denote summation over all dono
and acceptor impurities, respectively. Note that, since e
librium electron and hole concentrations are assumed,
Fourier coefficients of the hole concentration are the rec
rocal of bk in accordance with the mass-action law. Four
coefficientsadk andaak are found from the system similar t
Eq. ~5! for each impurity species. If, however, the assum
tion of negligible minority carrier capture and emission ra
is not satisfied, such as for gold in silicon,14 the complete
rate Eqs.~3! should be used instead of Eq.~4!. The system of
equations forak then becomes somewhat more complica
than Eq.~5!

ak~ ivk1t21!1 (
m52`,mÞk

`

am~Cnn0bk2m1Cpp0bk2m
21 !

50, kÞ0, ~10a!

a0t211 (
m52`,mÞ0

`

am~Cnn0b2m1Cpp0b2m
21 !

5S en1Cp

p0

b0
D N

N0
1 , ~10b!

where the impurity time constant is now defined ast5(en

1Cnn0b01ep1Cpp0b0
21)21. It should be noted, howeve

that in wide band-gap semiconductors, such as SiC or G
where the described impurity ionization effects are not n
ligible at room temperature, the minority carrier concent
tion is usually extremely small in the semiconductor bu
and is small for moderate reverse bias in the junction de
tion region. Additionally, even relatively deep impurities
wide band-gap semiconductors are often much closer to
of the allowed energy bands than to the other, so that mi
ity capture and emission rates are expected to be m
smaller than the corresponding majority capture and em
sion rates. Therefore, all terms including minority carr
concentration and capture and emission rates can usual
omitted without sacrificing accuracy and Eqs.~9! and ~10!
reduce to the simplified Eqs.~5! and ~7!.
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III. INFLUENCE OF AC BIAS AMPLITUDE ON
JUNCTION ADMITTANCE

We use the developed general admittance model to
the behavior of the Schottky junction admittance for differe
ac bias amplitudes ranging from the values at which
small-signal condition is satisfied to the ones which sign
cantly exceed the value ofkBT/q. Admittance is calculated
as a function of temperature and as a function of ac b
frequency at room temperature. As an object for calculati
we chose 6H-SiC Schottky diodes. As we have already m
tioned, in this material all technologically important impur
ties are relatively deep and thus incompletely ionized eve
room temperature. We do the calculations for the nitrog
donors which are the shallowest of the SiC doping impurit
and for the boron acceptors which are the deepest one
the case of nitrogen, the probabilities of occupation of
hexagonal~ionization energy 81 meV! and quasicubic lattice
sites ~ionization energies 137.6 and 142.4 meV!21 are as-
sumed to be equal. Additionally, since the ionization energ
of nitrogen on two quasicubic sites are very close, these
sites were modeled by a single site with the ionization ene
of 140 meV and the concentration of twice that of ea
single site. In the case of boron, the ionization energies of
different lattice sites are not known, so in calculations
single boron level at 0.3 eV above the valence band w
used.21

The bulk value of the Fermi level was calculated from t
charge neutrality equation, which for the case of two nit
gen levels is

NCe2~Ec2mF!/kBT5
N1

11g1e2~E12mF!/kBT

1
N2

11g2e2~E22mF!/kBT , ~11!

whereE1 , E2 , N1 , N2 , andg1 , g2 are ionization energies
concentrations, and degeneracy factors of the first and
ond impurity levels, respectively. The free-electron distrib
tion is assumed to be nondegenerate, and the minority ca
concentration is assumed to be negligible. After finding
Fermi level, the free-carrier concentration and its Fourier
efficients are found using Boltzmann’s statistics and form
~6!. Minority carrier trapping effects are neglected, and Fo
rier coefficientsak of the ionized impurity concentration ar
found by numerically solving the system~5! using the
Gaussian elimination with partial pivoting method. Fouri
coefficients of the potential are found by solving the syst
of Eqs. ~9! self-consistently with the system~5!, using an
adaptive finite-difference method. Junction admittance
then found using formula~1!. Impurity ionization time con-
stant, which enters the system~5! is, in general, potentia
dependent. The influence of the electric field on the emiss
rate~the Poole-Frenkel effect! can be taken into account us
ing the following expression:20

e5e0F ~x21!exp~x!11

x2 1
1

2G , ~12!
9-5



n
ted

ll-

ANDREI V. LOS AND MICHAEL S. MAZZOLA PHYSICAL REVIEW B 65 165319
FIG. 1. Capacitance of~a! N-doped and~b!
B-doped 6H-SiC Schottky junction as a functio
of measurement ac signal frequency calcula
for different ac bias amplitudes: 30 mV~dotted
line!, 60 mV ~dashed line!, and 150 mV~solid
line!. Capacitance is normalized by its sma
signal low-frequency value.
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wherex5b21AEq/p«, E is the local electric field ande0 is
the zero field-emission rate, which for donorlike impurities
given by

e05CnNc exp~2ED /kBT!/g.

Figure 1 represents room-temperature frequency de
dencies of the Schottky junction capacitance for different
bias amplitudes in the case of nitrogen-doped 6H-SiC w
the concentration of nitrogen atoms of 1018 cm23 ~a! and in
the case of boron-doped SiC with the concentration
1016 cm23 ~b!. The condition for the small-signal model t
be valid isw1!kBT/q. However, since the junction admi
tance is defined by carrier sweep out and impurity ionizat
in the depletion region tail, the ac potential in this region
smaller than at the metal-semiconductor interface. Con
quently, in these examples, the junction capacitance begin
deviate from its small-signal limit for ac bias voltages larg
thankBT/q, which at room temperature is equal to appro
mately 26 mV.

The two components of the junction current contribu
differently to the current harmonic content. The degree
distortion of the free-carrier component of the junction c
rent is not large since the carrier sweep out takes place
small part of the depletion region tail close to the semic
ductor bulk region, where the ac potential is small even fo
relatively large applied ac bias. On the other hand, the ju
tion current component caused by impurity ionization m
be distorted more noticeably because the ionization p
cesses take place deeper in the space-charge region,22 where
the ac potential amplitude is larger. Therefore, the differe
between the small- and large-signal admittance values is
pected to be larger in the case of deeper impurities wit
larger degree of carrier freeze out, such as boron accepto
this example. The low-frequency capacitance increases
increasing the ac bias because more charge can be rele
from the impurities by larger potential changes~this charge is
limited by the number of unionized atoms!. On the contrary,
the high-frequency value of the capacitance is determi
only by the free carriers, and for larger ac potentials a lar
fraction of them respond on frequencies other than the f
damental, thus decreasing the measured capacitance va

The temperature dependence of the junction conducta
for 1 MHz ac bias with different amplitudes was calculat
and is represented in Fig. 2. The conductance goes throu
peak when the inverse of the effective, i.e., averaged over
space-charge region, impurity ionization time constant is
proximately equal to the measurement signal circular
16531
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quency. The junction potential distribution affects the fre
carrier and ionized impurity distributions, which leads to t
dependence of the effective impurity time constant and c
ductance peak position on the ac bias amplitude. One co
quence of this is that admittance spectroscopy data anal
which relies on the relationship between the measurem
signal frequency and the impurity time constant, should
general be performed using a large-signal admittance mo

In a recent paper,23 we experimentally confirmed the in
fluence of the junction potential distribution on the impuri
ionization time constant. We have shown that at low te
peratures an admittance spectroscopy Arrhenius plot ca
be approximated accurately by the curve calculated usin
small-signal model because the ac potential becomes l
compared tokBT/q. On the other hand, the admittance ca
culated using our general model fit the experimental d
well across our entire measurement temperature range.

IV. LOW-TEMPERATURE ADMITTANCE DATA:
COMPARISON WITH THE LARGE- AND SMALL-

SIGNAL MODELS

Here we present experimental data for 6H-SiC Schot
diode admittance as a function of temperature fitted using
method of least squares with our general junction admitta
model and, for comparison, with the small-signal mode6

The diodes were fabricated in a lift-off process using alum
num as a contact metal. To minimize the influence of dev
series resistance on the admittance measurements d

FIG. 2. Calculated conductance of B-doped SiC Schottky ju
tion as a function of temperature for 1 MHz measurement sig
frequency at different ac signal amplitudes: 30 mV~dotted line!, 60
mV ~dashed line!, and 150 mV~solid line!.
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FIG. 3. Least-squares fit of the general adm
tance model~solid line! to 100 kHz admittance
data forN-doped SiC Schottky diode and a leas
squares fit using the small-signal model~dashed
line!.
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with the smallest areas that still provided acceptable m
surement signal-noise ratio were chosen. The measurem
were performed in the Janis SVT-300 liquid-nitrogen c
ostat using Hewlett Packard HP 4275A multifrequency LC
meter. The measurements were done at the frequency of
kHz in the temperature range of 80–140 K with the measu
ment ac signal rms value set to 30 mV. Under these co
tions the ac bias amplitude is about five times larger th
kBT/q at 100 K, so that the small-signal condition is inval
in the entire measurement temperature range, and a la
signal model is expected to be more accurate than the sm
signal model.

The data and fitting results are presented on Fig. 3. It
not possible to obtain a satisfactory least-squares fit to
experimental data assuming a single dominant impu
level, which means that several impurities in this sam
have approximately the same ionization time constants,
the conductance peak is a superposition of the peaks c
sponding to these impurities. A good fit was obtained wh
capture cross sections of two nitrogen levels with activat
energies of 0.081 and 0.14 eV were used as the fitting
rameters. Additionally, it was found that to obtain a satisf
tory correspondence between the calculated admittance
experimental data, the Poole-Frenkel effect had to be ta
into account, which was done using Eq.~12!. As can be seen
from Fig. 3, a satisfactory fit could not be obtained using
small-signal junction admittance model, illustrating the fa
ure of the small-signal approximation under these exp
mental conditions.

The conductance calculated from the general model
experimental data well in the temperature range of 80–
K, including the conductance ‘‘hump’’ at 80–90 K, which
due to nitrogen on the hexagonal site. In contrast to the
oretical curve, the experimental conductance data does
go to zero at temperatures above 120 K. This difference
be explained by the influence of another impurity. The c
culated junction capacitance fits the experimental data v
well at temperatures above 95 K but deviates from it at low
temperatures. At these temperatures, the junction deple
region expands up to the diode contacts, and the meas
capacitance begins to saturate at its lowest value determ
by the Schottky and return contacts mutual geometry. T
geometrical effect was not taken into account in the calcu
tions, so unlike the experimental data, the calculated cap
tance drops to zero in the low-temperature limit. The nit
gen donor capture cross sections determined from the fit
procedure ares159.6310217 cm2 for the hexagonal lattice
16531
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site ands252.1310215 cm2 for the quasicubic sites, which
agree with the data reported in literature.21

V. SUMMARY

We have created a general reverse bias Schottky junc
admittance model, which is valid in a broader range of te
peratures and bias amplitudes than the small-signal ad
tance models. The model is not based on the small-sig
approximation, and thus takes into account large-signal
fects which are present for large ac bias amplitudes an
low temperatures when the ac potential is comparable to
larger thankBT/q. The model also takes into account incom
plete impurity ionization.

The model allows calculation of the junction potential a
current harmonics for an arbitrary periodic excitation, th
allowing calculation of the junction transfer function and,
a particular case, the junction admittance. Because the sm
signal assumption is not used, the ionized impurity and fr
carrier concentration changes are not treated as proporti
to bias changes. Fourier coefficients of the ionized impu
concentration are found from a system of linear equations
each impurity species. It is assumed that the free-carrier
laxation time is short compared to the bias period, so that
free-carrier distribution is near equilibrium. Fourier coef
cients of the free-carrier concentration are thus found us
the Fermi or Boltzmann statistics. Junction potential is th
found by solving the system of differential equations f
each potential harmonic self consistently with the equati
for ionized impurity and free-carrier concentrations. In t
small-signal limiting case our model reduces to the gene
small-signal model given in Ref. 6.

The general model predicts the junction admittance to
viate from the values given by the small-signal model w
the deviation being stronger at lower temperatures or lar
ac bias amplitudes, and for deeper impurities with a lar
degree of carrier freeze out. The model has been used
admittance spectroscopy data analysis and provided an
proved value for the activation energy of nitrogen donors
6H-SiC.23 We also performed a least-squares fit of the jun
tion admittance as a function of temperature for N-doped S
in the temperature range where the applied ac bias is la
than kBT/q. The model describes the junction admittan
more accurately than the small-signal model, resulting i
better correspondence between the theoretical and the ex
mental data.

The general admittance model may be useful in all ca
9-7
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where the reverse biased semiconductor junction is use
modeled as an impedance device under periodic bias ex
tion with amplitude larger than the thermal potentialkBT/q.
This may occur, for instance, for diodes working as varia
capacitors in ac signal circuits. Another possible applicat
is for electronic devices working at low temperatures wh
the small-signal condition is not satisfied even for relative
small ac biases. Additionally, at low temperatures, impurit
completely ionized at room temperature may be in a par
carrier freeze out, which is also accounted for in the mod
16531
or
ta-

e
n
e
y
s
al
l.

This is possible in the wide band-gap semiconductors suc
SiC and GaN even at relatively high temperatures. In
these cases the developed model should provide a more
curate device description compared to the traditional sm
signal models.
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