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Model of Schottky junction admittance taking into account incomplete impurity ionization
and large-signal effects
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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 poterkigil/q.
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I. INTRODUCTION AND BACKGROUND Schottky’s formula(because it takes into account only the
free carrier sweep out at the space-charge region boundary
Semiconductor junction admittance is one of the most imdmpurity ionization processes are not instantaneous and, if
portant junction characteristics. Accurate description of thighe ionization time constant is comparable to or larger than
quantity is important for semiconductor device characterizathe ac bias period, these processes will lag the bias changes.
tion and simulation. In most cases admittance of an idealn this case the junction admittance will be frequency depen-
junction is considered to have only the imaginary part, thedent and will contain a conductive component. At very high
capacitance; the real part, the conductance, results from teequencies or at low temperatures when the free-carrier re-
junction nonideality, i.e., leakage. The junction capacitancdaxation time becomes comparable with the ac signal period,

is usually described using Schottky’s formtifa the lag in the free-carrier response needs to be accounted for
as well.
geNg The effects of incomplete impurity ionization on the junc-
C= 2(pg—Vy)' tion admittance have been confirmed experimentally by a

number of author-® First theoretical treatment of the junc-
where Ny is the semiconductor doping impurity concentra-tion admittance in the presence of an incompletely ionized
tion, ¢ is its permittivity, ¢ is the junction built-in potential, impurity was performed by Vul, who calculated the capaci-
V, is the applied bias voltage, aids the electronic charge. tance of gonjunction at an arbitrary temperatuf@nd, there-
This formula, although accurate enough in many cases, ifore, impurity fractional ionization’ The author did not use
based on several assumptions which may not be satisfied inimpurity ionization statistics; therefore, the obtained capaci-
number of important applications. First, the depletion ap-tance value is that for the low-frequency limit. Also, the
proximation is assumed to be valid. In reality, particular po-author used the depletion approximation. The expression ob-
tential and charge distributions, which are functions of seviained for the capacitance coincides with Schottky’s formula,
eral factors such as doping occupation and applied biasyhich is a natural result since under the depletion approxi-
affect the junction admittance. Second, it is assumed thahation the impurities are assumed to be completely ionized
impurities are completely ionized throughout the semicondin the entire depletion region by the electric field. Roberts
ductor. This is typically true for doping impurities in tradi- and Crowelt® have given an exact expression for the low-
tional semiconductors such as Si or GaAs at room temperdrequency Schottky junction capacitance. This expression is
ture. However, the degree of ionization of common dopantwalid for any number of impurities with arbitrary ionization
may be far from unity in such wide band-gap semiconductorgnergies at any temperature, as long as the impurity ioniza-
as SiC or GaN even at room temperature. Some degree ¢ibn processes respond to bias changes instantaneously, and
carrier freeze out may also be present in a semiconductqroperly takes into account the junction potential distribu-
containing deep traps or at lower temperatures. tion, i.e., without assuming the depletion approximation or

If an ac bias, such as an impedance meter measuremeing variants.

signal, is applied to a junction and incomplete impurity ion-  To correctly describe the situation when the impurity ion-
ization is present, the ac signal may lead to periodic impurityization time constant is comparable with the ac bias period,
ionization/neutralization in a vicinity of the point of intersec- and the impurity ionization processes occur out of phase with
tion of the impurity level with the corresponding quasi-Fermithe bias, an analysis which would include a description of the
level. This charge change results in an additional componergrobabilistic impurity ionization processes is needed. Such
in the junction admittance, which is not taken into account inan analysis was first done by Sah and Rédidli the capaci-
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tance of apn junction containing a single deep level. The regions where impurity ionization takes place. Beguwala and
authors used the truncated space-charge approximation a@dowell calculated the small-signal admittance of a junc-
Shockley-Read-Hall statistit’s'? for trap centers to obtain tion device at an arbitrary temperature and frequency in the
expressions for the junction capacitance as a function of agpresence of multiple deep traps with arbitrary time constant
plied dc bias in low- and high-frequency limits. In the trun- distributions and synthesized the junction equivalent circuit
Cated Space_charge approximation Poisson’s equation is Sirfpr this Case.. This treatment requires -numeri(?al integration.
plified by introducing a piecewise-constant space-chargdne conductive component of the admittance is expressed as
distribution under the assumption that deep impuritiedN® imaginary part of the capacitance. A very general treat-
change their charge state from zero to unity due to a biadent of tfge Schottky junction admittance has been presented
change only in the point where the impurity energy levelPY Loseg. The author_ extends the approach of Roberts and
intersects the corresponding quasi-Fermi level. This approxiCrowelll to any ac bias frequency. The author’s model of
mation therefore does not allow correct calculation of theth® Schottky junction admittance is valid for any number of
magnitude of the space-charge region charge change due fBPUrity species and any ac bias frequency, and takes into
the impurity ionization and also implies a single impurity @ccount(implicitly) a particular potential and impurity time
time constant instead of a time constant distribution in thefonstant distributions in the junction space-charge region.
region where impurity charging-discharging takes pIace,The model requires numerical |r!tegrat|0n_ and is again valid
leading to an inaccurate calculation of the frequency deperRMlY in the small-signal case. This model is the most general
dence of the junction admittance. small-slgnal model and will be compargd with the general
Another approximation Sah and Reddi made is that the ala"ge-signal model that we develop in this paper. _
potential does not change the free carrier and the ionized AN attempt to overcome the limitations of the small-signal
impurity concentrations significantly, so that the changes iffPProximation and calculate the reverse bias junction admit-
these quantities can be treated as perturbations, and mefice for an arbitrary ac bias amplitude was made by Fran-
values of these quantities are approximately equal to theflon and Hoffmann in a series of papé_‘f‘s. The authors
static (when only the dc bias is appliedteady state values. took a general expression for the junction capaC|tanC(_e_b|as
This approximation is equivalent to the assumption that thélependenceC=Copg(eg—Va)~“ and used the specific
ac potentia' is Sma” Wlth respect '%T/q in the regions sinusoidal eXCitatiONA:Ve cosw t with an arbitrary ampli-
where potential changes can lead to changes of other junéudeVe to calculate the junction capacitance change from its
tion parameterS, i_e_, the Sma”_signa' approximation_ Théma”-signal value as a function of the ac to dc bias ratio.
small-signal approximation allows linearization of impurity This approach, however, has a limited applicability and ac-
rate equations and transformation of the Poisson equation @racy, since it fails to take into account particular potential
use the static potential as the independent variable, so th@f charge distribution changes caused by the ac bias being
calculation of the junction admittance can be done withoutarge or the impurity ionization effects.
finding an explicit solution for the potenti&t° The approxi- In this paper we develop a very general reverse bias
mation, however, is valid only in a limited range of ac volt- Schottky junction admittance model, which does not rely on
ages and temperatures. For example, a standard ac measugiber the small-signal or the truncated space-charge approxi-
ment signal used in impedance meters is 30 mV rms. Théhation. It is valid at arbitrary temperatures for an arbitrary
amplitude of this signal is about 42 mV, which is larger thanperiodic bias amplitude and harmonic content and arbitrary
kgT/q at room temperature. Impurity charging-dischargingimpurity energy-level distributiongchanges in the free-
takes place in the depletion region tail, where the value ofarrier relaxation time are not consideyeth the next sec-
the ac potential is smaller, so one can hope that in this regiodon, we present theoretical development of the model. In
the small-signal approximation is valid. However, for larger S€c. lll, we perform admittance calculations using the model
ac bias amplitudes and at lower temperatures a model whicknd the general small-signal model. We show the influence
does not rely on the small-signal assumption is needed. ©Of the applied ac bias amplitude on the junction admittance.
Several authors obtained expressions for the junction ad Sec. IV, we present experimental data for the junction
mittance without using truncated space-charge or single tim@dmittance in a temperature range where the small-signal
constant approximations_ Perel and EfFosbtained |0w_ condition is not satisfied and Compal’e Ieast'squares fits of the
and high-frequency expressions for the junction capaci- 9eneral and small-signal models to the data. The results of
tance by artificially introducing an impurity time constant this paper are summarized in Sec. V.
distribution as a function of the ratio of shallow and deep
impurity concentrations. Forbes and $hhsed the equiva-
lent circuit approach to modgin junction small-signal ca-
pacitance and conductance in the presence of a single deeplIn the development of the model we will make several
trap. The model takes into account the true impurity timeassumptions. First, it is assumed that the junction is in the
constant distribution but is valid only at zero bias and cannotlark, the leakage currents are negligible, and the dielectric
be easily extended to other bias conditions. Oldham andelaxation time is much shorter than the maximum ac bias
Naik’ obtained expressions for the capacitance and condugeriod under consideration. The latter condition may not be
tance of gonjunction with a trap as a function of frequency. satisfied at very low temperatures when the carriers are
They modified the truncated space-charge approximatiofreezing into the shallowest impurity. We assume that this
slightly and used finite-thickness charge sheets to model theccurs at temperatures lower than the temperature at which
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the impurity ionization processes affect the junction admit- . 1 do;

tance. These assumptions allow us to treat the free-carrier Y=y;= —lws(— W) . «h)
distribution as in equilibrium, so that the carrier density can e x=0

be calculated simply from the Fermi-Dirac or Boltzmann sta-

tistics, without the need to take into account the free-carrier To find the junction potential one has to solve Poisson's

density time dependence or the Fermi level changes causé uation
by excessive carriers. d2e q

Next, it is assumed that Shockley-Read-Hall statistics are v e ( > Nj—> Ny—n+p|, 2
applicable for impurities. With this model limitations in cap- X g\d a

ture or emission rates arise only from the availability of anwhereNJ is the concentration of ionized donor specis,

electron to enter the impurity and the existence of an IMPUis the concentration of ionized acceptor species, raddp

: ; ; . alre electron and hole concentrations, respectively. Since the
once the electron is captured, it can be reemitted mstantlglc bias can have any value, all, or at least several, harmonics

(with the corresponding propability, W.hiCh i.s a function of of the junction potential need to be taken into account. A
temperature, local electric field, and impurity parameters |06 ac potential can significantly change the mean values of
Another possible process, namely, the readjustment of thg,o",ntion parameters compared to their static values, and
electrpn n the impurity after the capture act, Is negl(f"Ct('}dthese changes will not be proportional to the potential; the
That is, it is assumed that the electron is captured directly,ion static potential will not define the mean values of
into the ground state, or that its transition to the ground stat e junction parameters anymore, and thus cannot be used as

is instantaneous, or that the probability of its emission fromy,e injependent variable, so that Poisson’s equation cannot
any other state in which it could be captured is the same agg {;ansformed correspondingly.

from the grolunr(ltl statéll._ : f bi bi h . Since it is assumed that free carriers are in thermal equi-
In general, the application of an arbitrary bias to the SeMiyjp i, the corresponding quasi-Fermi levels are gradient-
conductor junction results in the excitation of an infinité gree “ang the continuity equation contains only generation
number of junction current harmonics. The total current cannd recombination terms which compensate each other
be represented in a Fourier integral or, if the current is periry g this equation does not introduce anything new into the
Od'% '3 E Fourier S?r'e? form.MThehj_urr:cnoln can r;[hen bel_debroblem and can be omitted. Neglecting multiple charging
scribed by its transfer functiolf, which relates the ampli- gftects, impurity occupation can be calculated from a set of
&tandard Shockley-Read-Hall equatibnfor each impurity

applied bias harmonics and satisfies the equafistyV, species

wherelJ is the current density vector and is the bias volt-

age vector. Both the current and voltage vectors have, in NG

general, infinite dimension and are complex, which takes ——=e,(Ng—Ng)—CnnNg —e,Ng +C,p(Ng—Ng),
into account any existing phase shifts; the transfer function is (3a)
an infinite dimension complex matrix. Since junction leakage
currents are neglected, the total current at the semiconductor- . -
metal interface co.ntains only the displacement component, a_ ep(Na—N;)—CopN; —e,N; +Con(N,—Ny),
and thus the matrix elemenyg, of the transfer function in t

the case of periodic bias witim harmonics can be calculated (3b)

as follows: where Ny and N, are concentrations of electrically active
donor and acceptor impuritieg, and e, are electron and

. hole emission coefficients, ar@, andC,, are their capture
—ikoe (i %) coefficients, which are all assumed to be independent from

m @ dx/ ' the particular conduction- or valence-band state which a

charge carrier is emitted to or captured from. For a semicon-
ductor with nondegenerate free electron and hole distribu-

whereg, are the components of the junction potential vectortions, the carriers are captured from and emitted to the states
(band-edge energy measured relative to its value in thg bulknear the conduction- or valence-band edge, and this condi-
and the pointx=0 corresponds to the semiconductor-metaltion is satisfied.
interface. For donors in the upper half of the forbidden band and

When the junction admittander impedancgis measured acceptors in its lower half, interaction with valence and con-
by an impedance bridge, a sinusoidal measurement signal @uction band, respectively, can often be neglected, which
amplitudeV, is applied to the junction together with(pos-  means that the corresponding capture and emission coeffi-
sibly zerg static bias of amplitudé/y.. Usually the mea- cients in Eqs(3) can be set equal to zero. To make further
surement circuit of the impedance bridge filters out all har-derivation more concise we consider a single donor impurity
monics of the junction current but one, corresponding to theéo be present in the semiconductor. The results will then be
frequency of the measurement ac sigifalhe ratio of the generalized to any number of donors or acceptors. After
amplitude of this harmonic of the current ¥ is the mea- these simplifications, the donor impurity rate equation be-
sured junction admittance, which can be defined as comes

Y=
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N* further discussion more concise we will assume that the free-
p =e,(N—=N")—C,nN", (4)  carrier distribution is not degenerate, Boltzmann statistics
apply, andn is given byn=NceEc #A/keT=nie ¢/# |n
where the subscriptd” is omitted for brevity. this case expression for the Fourier coefficidntss simpli-

By assuming continuity of the potential and its derivative, fied
it easily follows that for an arbitrary periodic bias at a time
sufficiently long after any transient processes following the ®
bias application have passed, the junction will be in a steady bk:2_
’ a
state with the potential and ionized impurity and free-carrier
concentrations being periodic functions, which can be repre- |n the small-signal casi.,|<1 andc,=0 for |k|>1.

wlw * . .
exp( > qe"‘”‘) e 'ketqt, (6)

—7lw |=—o

sented in a Fourier series form Then, the exponent in the integral fog can be represented
" by only the zero and first-order terms of its Taylor expansion
N =N; S aelkot e(1+c_,e '“'+ce'h). Consequently, only with |k|
0, &, 7K ' <1 are nonzero and are given by;=e®, b.,=ec.;.

This result is expected since in the small-signal case the free-
< _ carrier concentration change is linear in the ac potential.
n=ny >, bk Next, neglecting second-order terms in E§), Fourier co-

k= efficientsa, are found as follows:
- . e, N
= ce'ket, ay=—g —,
® ﬁk;w K OTTING
where B=kgT/q, ny, andN, are the electron and ionized Calo
impurity concentrations in the semiconductor bulk, respec- a.=— H—_laobﬂ,
tively, and Fourier coefficients, andc, are given by @ T
W mlo N Kot ak:O! |k|>1
- _ a ike
by 2m _W,a,noe dt, The solution fora, is the same as given by Losee’s small-
signal model for the proportionality coefficient between the
o ("o @ ac potential and the corresponding junction charge chénge.
Ck:E , Ee*' “'dt. The expression foa, can be rewritten in the following form:
+ +_
Substituting Fourier expansions forandN™ in the rate Eq. en(N—aoNg ) = CbonoagNg =0.

(4), the following system of linear equations is obtained forHere,bOnO andagN; are mean values of the free-carrier and

Q- ionized donor concentrations, and this relation expresses the
w fact that in the small-signal case the junction is in a quasi-

; -1 _ equilibrium state with the capture and emission processes
alioktr )+Cnn0m=7§w:,m#k Anb-m=0. k0, compensating each other. For an arbitrary amplitude ac bias,

(5a) as it follows from Eq.(5), the mean value of the ionized

impurity concentratiora, depends on the junction potential

. - N harmonics of nonzero order.
Qo7 +Cnn0m:—§m¢0 amb,m=enN—g, (Sb) Using the Fourier expansions foi* and n, Poisson’s

equation is transformed into a system of differential equa-
wherer=(e,+ Cnngbo) ! is defined as the impurity ioniza- tions for c,
tion time constant. System(5) allows the Fourier coeffi- 2
cientsa, of the ionized impurity concentration to be calcu- ac 9 e _
lated if Fourier coefficients b, of the free-carrier dx® s,B(NO A Nob), k=012, (7)
concentration are known.

The free-carrier concentration should, in general, be

found using Fermi-Dirac statistics, so that Fourier coeffi-

cientsb, are given by

b ® fﬂ'/w
k_277 —7lw

where g(E) is the conduction band density of states and

Each Eq.(7) is a two-point second-order boundary-value

problem forcy, which should be solved numericaliyote

that the Fourier coefficients with the indices having opposite

signs are complex conjugate, and thus, only the coefficients
1 (= with positive indices need to be calculateHor the case of a

n—f 9(E)f(E— ¢, up)dE|e ketdt, sinusoidal applied bias, the boundary conditions are
0JE,

Co(0)=(¢s—Vad/B, c1(0)=Vac/pB,

f(E,ug) is the Fermi distribution function. The bulk values c(0)=0, k>1,
of the free-electron concentratiory and the Fermi levelr
can be found from a charge neutrality equation. To make Cc(©)=0k=0,1,2,...,. (8)
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The system of Egs(7) allows one to calculate junction [l INFLUENCE OF AC BIAS AMPLITUDE ON
potential distribution, the junction transfer function coeffi- JUNCTION ADMITTANCE

cients and, as a particular case, its admittance for the case of We use the developed general admittance model to find

a single donorlike impurity in a semiconductor with elec- . ) . : .
trons being the majority carriers and a negligible hole Ccm_the behavior of the Schottky junction admittance for different

centration. This system is easily generalized to the case of & bias amplitudes ranging from the values at which the

semiconductor with an arbitrary number of impurity species,sma”'s'gnal condition is satisfied to the ones which signifi-

provided their energy levels are situated far from the middleCantly exceed the value &;T/q. Admittance is calculated

of the forbidden band so that interaction of the donorlike?rz iglrjlgagnm%fnﬁgﬁeggﬁeagi Zf’] gbfggﬂlgrncglia(;t%ﬁz

impurities with the valence band and interaction of the ac'weqchosg6H-SiC Schoﬁtk diodes As wejhave already men-

ceptorlike ones with the conduction band is negligible . S ; y o . Ady m
tioned, in this material all technologically important impuri-

ties are relatively deep and thus incompletely ionized even at

d?cy q Po ' i
__ 1 N an—S Noas—nobet —2| room temperature. We do the calculations for the nitrogen
dx? ep % dodk ; a0ak T0%k by donors which are the shallowest of the SiC doping impurities
and for the boron acceptors which are the deepest ones. In
k=012 9) the case of nitrogen, the probabilities of occupation of the

hexagonalionization energy 81 melMand quasicubic lattice
where indices 8" and “ a” denote summation over all donor Sites (ionization energies 137.6 and 142.4 rr)%]\(are as-
and acceptor impurities, respectively. Note that, since equisum_ed to be equal. Addl_tlonally,_ since the ionization energies
librium electron and hole concentrations are assumed, th@f Nitrogen on two quasicubic sites are very close, these two
Fourier coefficients of the hole concentration are the recipS/t€S were modeled by a single site with the ionization energy
rocal of b, in accordance with the mass-action law. Fourier®f 140 meV and the concentration of twice that of each
coefficientsag, anda,, are found from the system similar to S|_ngle site. Ir_1 the case of boron, the |on|zat|pn energies of the
Eq. (5) for each impurity species. If, however, the assump_dlf'ferent lattice sites are not known, so in calculations a
tion of negligible minority carrier capture and emission ratesSinge boron level at 0.3 eV above the valence band was

is not satisfied, such as for gold in silicbhthe complete use ,
rate Eqs(3) should be used instead of E@). The system of hThe bulk vall_ue of the_ Ferm;}!exefl war.:, caIcuIat?d from_the
equations fora, then becomes somewhat more complicatedcnarge neutrality equation, which for the case of two nitro-
than Eq.(5) gen levels is
) B N e~ (Ec—up)/keT —
aiok+r H+ X an(Congby_m+ Copobi ) c® 1+ y,e” (Famnpllkel
m= —o m#k
— k N2
=0, k#0, (109 + 15 7,0 E ket (11
- whereE,, E,, N, N,, and are ionization energies
-1 -1 1s =25 N1 N2, Y1, Y2 g ’
o7 "t —;mio am(CnNob—m+ Cppob_ry) concentrations, and degeneracy factors of the first and sec-
’ ond impurity levels, respectively. The free-electron distribu-
pPo| N tion is assumed to be nondegenerate, and the minority carrier
= en+Cpb_0 NG (10b  concentration is assumed to be negligible. After finding the

Fermi level, the free-carrier concentration and its Fourier co-
efficients are found using Boltzmann'’s statistics and formula
(6). Minority carrier trapping effects are neglected, and Fou-

+ +e,+ o)L It shoul h . L S E s . :
thactni?loafi d ee%ar?dp-gggo s?ami c otntsju?:ltjo?sbiur::%ti\ds, S%Wg;/zé ier coefficientsa, of the ionized impurity concentration are
' ound by numerically solving the systerts) using the

where the described impurity ionization effects are not N®9Gaussian elimination with partial pivoting method. Fourier
ligible at room temperature, the minority carrier Concentra'coefﬁcients of the otentialriare foupnd b gsolvin th.e system
tion is usually extremely small in the semiconductor bulk P y 9 y

and is small for moderate reverse bias in the junction deplec—)f Egs. (9) self-consistently with the systeib), using an

tion region. Additionally, even relatively deep impurities in ?deiptfgfngrﬂts?ﬁd'fffﬁfnnuﬁgl)mﬁh%?{t Jiléﬂ?zt;?onagmgtigﬁ? IS
wide band-gap semiconductors are often much closer to on ant. which en?ers the s éte{g) isyin eneral. potential
of the allowed energy bands than to the other, so that minor3 2n Y 1N 9 ' P

ity capture and emission rates are expected to be muc%ependent. The influence of the electric field on the emission

smaller than the corresponding majority capture and emisr-ate (the Poolc_a—FrenkeI ef.re#)tan be taken into account us-
sion rates. Therefore, all terms including minority carrier9 the following expressiof.
concentration and capture and emission rates can usually be

omitted without sacrificing accuracy and Ed9) and (10) _

reduce to the simplified Eq$5) and (7). =€o

where the impurity time constant is now definedas(e,

(x—1)expx)+1 }

X2 2 ’ (12)
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FIG. 1. Capacitance ofa) N-doped and(b)
B-doped 6H-SiC Schottky junction as a function
of measurement ac signal frequency calculated
for different ac bias amplitudes: 30 midotted
line), 60 mV (dashed ling and 150 mV(solid
line). Capacitance is normalized by its small-
signal low-frequency value.
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wherex=8"1JEq/we, E is the local electric field andyis  quency. The junction potential distribution affects the free-
the zero field-emission rate, which for donorlike impurities iscarrier and ionized impurity distributions, which leads to the
given by dependence of the effective impurity time constant and con-

ductance peak position on the ac bias amplitude. One conse-

eo=C,N.exp(—Ep/kgT)/y. guence of this is that admittance spectroscopy data analysis,

which relies on the relationship between the measurement

Figure 1 represents room-temperature frequency depemsignal frequency and the impurity time constant, should in
dencies of the Schottky junction capacitance for different ageneral be performed using a large-signal admittance model.
bias amplitudes in the case of nitrogen-doped 6H-SiC with In a recent paper we experimentally confirmed the in-
the concentration of nitrogen atoms of'f@m 3 (a) and in  fluence of the junction potential distribution on the impurity
the case of boron-doped SiC with the concentration ofonization time constant. We have shown that at low tem-
10'® cm~3 (b). The condition for the small-signal model to peratures an admittance spectroscopy Arrhenius plot cannot
be valid is ¢;<kgT/q. However, since the junction admit- be approximated accurately by the curve calculated using a
tance is defined by carrier sweep out and impurity ionizatiorsmall-signal model because the ac potential becomes large
in the depletion region tail, the ac potential in this region iscompared tdkgT/q. On the other hand, the admittance cal-
smaller than at the metal-semiconductor interface. Consesulated using our general model fit the experimental data
quently, in these examples, the junction capacitance begins tgell across our entire measurement temperature range.
deviate from its small-signal limit for ac bias voltages larger
thankgT/q, which at room temperature is equal to approxi-
mately 26 mV.

The two components of the junction current contribute
differently to the current harmonic content. The degree of
distortion of the free-carrier component of the junction cur-
rent is not large since the carrier sweep out takes place in a Here we present experimental data for 6H-SiC Schottky
small part of the depletion region tail close to the semicondiode admittance as a function of temperature fitted using the
ductor bulk region, where the ac potential is small even for anethod of least squares with our general junction admittance
relatively large applied ac bias. On the other hand, the juncmodel and, for comparison, with the small-signal mdtlel.
tion current component caused by impurity ionization mayThe diodes were fabricated in a lift-off process using alumi-
be distorted more noticeably because the ionization pronum as a contact metal. To minimize the influence of device
cesses take place deeper in the space-charge régidrere  series resistance on the admittance measurements diodes
the ac potential amplitude is larger. Therefore, the difference
between the small- and large-signal admittance values is ex- - .
pected to be larger in the case of deeper impurities with a
larger degree of carrier freeze out, such as boron acceptors in
this example. The low-frequency capacitance increases with
increasing the ac bias because more charge can be released
from the impurities by larger potential chandéss charge is
limited by the number of unionized atoim©n the contrary,
the high-frequency value of the capacitance is determined
only by the free carriers, and for larger ac potentials a larger
fraction of them respond on frequencies other than the fun- oL
damental, thus decreasing the measured capacitance value. - 2

The temperature dependence of the junction conductance 50 - 100 150
for 1 MHz ac bias with different amplitudes was calculated emperature (K)
and is represented in Fig. 2. The conductance goes through a FIG. 2. Calculated conductance of B-doped SiC Schottky junc-
peak when the inverse of the effective, i.e., averaged over thgon as a function of temperature for 1 MHz measurement signal
space-charge region, impurity ionization time constant is apfrequency at different ac signal amplitudes: 30 ffuitted ling, 60
proximately equal to the measurement signal circular fremv (dashed ling and 150 mV(solid line).

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

N
T

Conductance (arb. units)
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with the smallest areas that still provided acceptable measite ando,=2.1x 10" *° cn? for the quasicubic sites, which
surement signal-noise ratio were chosen. The measuremerdgree with the data reported in literatdte.
were performed in the Janis SVT-300 liquid-nitrogen cry-
ostat using Hewlett Packard HP 4275A multifrequency LCR
meter. The measurements were done at the frequency of 100
kHz in the temperature range of 80—140 K with the measure- We have created a general reverse bias Schottky junction
ment ac signal rms value set to 30 mV. Under these condiadmittance model, which is valid in a broader range of tem-
tions the ac bias amplitude is about five times larger thameratures and bias amplitudes than the small-signal admit-
kgT/g at 100 K, so that the small-signal condition is invalid tance models. The model is not based on the small-signal
in the entire measurement temperature range, and a largepproximation, and thus takes into account large-signal ef-
signal model is expected to be more accurate than the smallects which are present for large ac bias amplitudes and at
signal model. low temperatures when the ac potential is comparable to or
The data and fitting results are presented on Fig. 3. It wakrger tharkgT/q. The model also takes into account incom-
not possible to obtain a satisfactory least-squares fit to thplete impurity ionization.
experimental data assuming a single dominant impurity The model allows calculation of the junction potential and
level, which means that several impurities in this samplecurrent harmonics for an arbitrary periodic excitation, thus
have approximately the same ionization time constants, andllowing calculation of the junction transfer function and, as
the conductance peak is a superposition of the peaks corra-particular case, the junction admittance. Because the small-
sponding to these impurities. A good fit was obtained whersignal assumption is not used, the ionized impurity and free-
capture cross sections of two nitrogen levels with activatiorcarrier concentration changes are not treated as proportional
energies of 0.081 and 0.14 eV were used as the fitting pdo bias changes. Fourier coefficients of the ionized impurity
rameters. Additionally, it was found that to obtain a satisfac-concentration are found from a system of linear equations for
tory correspondence between the calculated admittance améch impurity species. It is assumed that the free-carrier re-
experimental data, the Poole-Frenkel effect had to be takelaxation time is short compared to the bias period, so that the
into account, which was done using Ef2). As can be seen free-carrier distribution is near equilibrium. Fourier coeffi-
from Fig. 3, a satisfactory fit could not be obtained using thecients of the free-carrier concentration are thus found using
small-signal junction admittance model, illustrating the fail- the Fermi or Boltzmann statistics. Junction potential is then
ure of the small-signal approximation under these experifound by solving the system of differential equations for
mental conditions. each potential harmonic self consistently with the equations
The conductance calculated from the general model fitor ionized impurity and free-carrier concentrations. In the
experimental data well in the temperature range of 80—128mall-signal limiting case our model reduces to the general
K, including the conductance “hump” at 80—90 K, which is small-signal model given in Ref. 6.
due to nitrogen on the hexagonal site. In contrast to the the- The general model predicts the junction admittance to de-
oretical curve, the experimental conductance data does netate from the values given by the small-signal model with
go to zero at temperatures above 120 K. This difference cathe deviation being stronger at lower temperatures or larger
be explained by the influence of another impurity. The cal-ac bias amplitudes, and for deeper impurities with a larger
culated junction capacitance fits the experimental data verglegree of carrier freeze out. The model has been used for
well at temperatures above 95 K but deviates from it at loweadmittance spectroscopy data analysis and provided an im-
temperatures. At these temperatures, the junction depletigoroved value for the activation energy of nitrogen donors in
region expands up to the diode contacts, and the measur&H-SiC?* We also performed a least-squares fit of the junc-
capacitance begins to saturate at its lowest value determindin admittance as a function of temperature for N-doped SiC
by the Schottky and return contacts mutual geometry. Thign the temperature range where the applied ac bias is larger
geometrical effect was not taken into account in the calculathan kgT/g. The model describes the junction admittance
tions, so unlike the experimental data, the calculated capacmore accurately than the small-signal model, resulting in a
tance drops to zero in the low-temperature limit. The nitro-better correspondence between the theoretical and the experi-
gen donor capture cross sections determined from the fittingnental data.
procedure arer;=9.6x 10" 17 cn?? for the hexagonal lattice The general admittance model may be useful in all cases

V. SUMMARY
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where the reverse biased semiconductor junction is used drhis is possible in the wide band-gap semiconductors such as
modeled as an impedance device under periodic bias excit&C and GaN even at relatively high temperatures. In all

tion with amplitude larger than the thermal potengll/q. these cases the developed model should provide a more ac-
This may occur, for instance, for diodes working as variablecurate device description compared to the traditional small-

capacitors in ac signal circuits. Another possible applicatiorsignal models.
is for electronic devices working at low temperatures where

the small-signal condition is not satisfied even for relatively
small ac biases. Additionally, at low temperatures, impurities
completely ionized at room temperature may be in a partial
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