JOURNAL OF APPLIED PHYSICS VOLUME 90, NUMBER 2 15 JULY 2001

Thermal admittance spectroscopy of Mg-doped GaN Schottky diodes
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Thermal admittance spectroscopy measurements at temperatures ranging from room temperature to
90 K are performed on Schottky structures based on Mg-doped GaN layers grown by metalorganic
vapor phase epitaxy on sapphire. The analysis of the experimental data is made by a detailed
theoretical study of the steady-state and small-signal electrical characteristics of the structures.
Numerical simulations are based on the solution of the basic semiconductor equations for the
structure consisting of two Schottky diodes connected back to back by a conduction channel formed
by the GaN layer. The description explicitly includes the Mg-related acceptor level, with its
temperature- and position-dependent incomplete occupation state, leading to a dynamic exchange
with the valence band. It fully reproduces the variations with temperature of the capacitance—
frequency and conductance over frequency curves, allowing to give for all temperature ranges the
origin of the various contributions to the junction capacitance and of the microscopic mechanisms
responsible for the capacitance—frequency cutoff. Series resistance effects are shown to be dominant
at temperatures above 230 K, whereas the Mg-related acceptor level governs the electrical behavior
below 230 K. The existence of a second acceptor level with an activation energy of several tens of
meV is revealed from the analysis of the characteristics at low temperature. An optimized fitting
procedure based on the comparison of the electrical characteristics obtained from the numerical
simulations to the experimental data allows one to determine the microscopic parameters describing
the structure, among which the acceptor activation energies, thermal capture cross sections,
concentrations, and the Schottky contact barrier heights are the most important ones. The obtained
activation energy of the Mg-acceptor level of 210 meV is by a factor of 2 larger than that obtained
from a classical Arrhenius plot, showing that a complete description of Mg-doped GaN junctions
requires the correct treatment of the Mg level, acting as a dopant and as deep impurity, as well as
the inclusion of series resistance effects. 2601 American Institute of Physics.
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I. INTRODUCTION Mg has some behaviors in common with deep impurities,

Gali itride (G ) ‘ ey q leading to typical features in the electrical characteristics of
allium nitride (GaN is a refractory lll-V compoun p-n or metal—semiconductor junctions.

whose direct energy gap is 3.45 eV at room temperature. The electrical characteristics of GgiNn junctions or of

Together with its alloys and heterostructures, it makes GaN &aN Schottky diodes either ofor b tvbe have been studied
well-suited component for optoelectronic applications in the, y P yp

—4,15-19 : . .
UV-blue light emitting region and for high-power and high- .by severql authors. One interest of electrical stqdles
: ) . ._Is to confirm the presence of the Mg dopants and their elec-
temperature electronics. The basic properties and applic

tions of GaN have been reviewed recently by Peaetal %fical activity, and to deduce microscopic parameters such as
A major breakthrough in the realization of blue Ii.ght- ionization energies, capture cross sections, spatial concentra:
emitting diodes(LEDs) and lasers was achieved when tion profiles, etc. Another interest is to contribute to the basic

doping was made possible using Mg as an acceptdoping understanding of the conduction me_chanism in t_hese struc-
being performed with Si as a donor dopant. tures as_the pgrformances of the vano_ug electronic and opto-
The activation energy of the acceptor level related to th&!€ctronic devices depend on the efficiency of the current
magnesium atoms has been measured by various experiméﬂlecuon and of the carrier genergtlon or carrier recombina-
tal techniques leading to values between 70 and 258°N- Schottky-type junctions are indeed building blocks of
meV2-4which is much larger than for the impurities gener- devices such as UV photodiodes or metal-semiconductor—
ally used as shallow dopants. As a consequence, Mg is néeetal photodetector8:*
fully ionized at any temperature, and the resulting hole con-  In this work, we present results of a theoretical and ex-

centration is strongly temperature dependent. Furthermoréerimental study of Mg-doped GaN Schottky structures. The
experimentally obtained admittance curves are shown for

SElectronic mail: nd.nguyen@ulg.ac.be temperatures ranging between room tempergfie and 90

bAlso at: Institut f. Halbleitertechnik, RWTH Aachen, D-52056 Aachen, K- The first Ol?jeCt'ive of the_ theoretical par'F is to give a
Germany. complete physical interpretation of the experimental results,
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i.e., to show what the basic contributions are to the capaci- o,
tances at a given temperature and frequency. Variations in the 5_""..@%0;;**% + RT
frequency response manifest as cutoff frequencies in the q““’uq;-.,.%o% ° ggg
capacitance—frequencZ{f ) curves or as peaks in the con- a0 s 230
ductance over frequency response. To determine which mi- ™y '._ TN = 210
croscopic mechanism is responsible for each cutoff mecha- R N T %+ ° 138
nism is a second objective. = e m % %% . 150
Admittance spectroscopy is frequently used to character- O 5 LI v 130
ize deep impurities in semiconductors. It indeed gives direct B o 110
access to the emission—capture processes occurring between I kT
an impurity level and the conduction or the valence band. A
defect state in the band gap leads to a peak in the curves of 0d—— f‘f’.'jjll bt {
conductance over frequency, versus the frequency. Through 10° 16° 16° 10°
the temperature dependence of the position of this peak, the f [Hz]

energy activation level can in principle be deduced from an

Arrhenius plot. In the case of Mg-doped GaN structuregst!G. 1. Experimental ¢—f ) curves for _temperaturg‘ﬁ (K) between RT

however, discrepancies between the values obtained by afd 90 K are shown. Steady-state applied voltagéyis 0 V.

mittance spectroscopy and those obtained either by Hall

measurements or by optical means are obsehiegarticu-

lar, it will be shown that the direct application in admittance upper GaN layers consisting of 10 nm Ni/120 nm Au. The

spectroscopy of the Arrhenius plot to determine the Mg-diameter of the nonannealed contacts is about 0.5 mm and

activation energy leads to an underestimation of this energyhey are 2 mm apart from each other.

Furthermore, typical features in the temperature-dependent The impedance and the admittance of the structures were

characteristics can only be explained by the complete elecletermined with a Hewlett-Packard 4192A LF impedance

trical analysis of the structure where the series resistancanalyzer, for frequencies in the range of 100 Hz to 1 MHz

plays an important role. The low-temperature characteristicend for positive and negative bias voltages. In the following,

suggest the existence of a second shallow acceptor level wignly results for zero bias voltage will be shown. The tem-

an activation energy of several tens of meV. Inclusion ofperature range of investigation was from B3 K) down to

several acceptor or donor levels in the used formal descripf0 K. Current-voltage I-V) measurements at different

tion is straightforward, at the expense however of an intemperatures show that the contacts are of the Schottky-type.

creased number of equations to be solved numerically. ~ The ac measurements therefore yield the electrical character-
The paper is organized as follows. Sec. Il shaissf istics of a structure consisting of two coplanar Schottky di-

and conductance divided by frequency versus frequencgdes, connected back to back, with the Mg-doped GaN layer

curves at various temperatures. In Sec. Ill, a numericahs a conduction channel. The experimental curves corre-

analysis is made on the steady-state and small-signal electgpond to a typical sample, results for other contacts realized

cal characteristics of the same structure, where the Mgon the same substrate show similar typical features.

related acceptor level is explicitly included, with its position-

dependent incomplete occupation state, leading to dynamic

exchanges with the valence band. The aim is to fully explairB. Experimental admittance curves

the experimentally obtained electrical characteristics and, in We show in Fig. 1, the@—f) curves for temperatures

a second stage, to obtain the values of the basic parametq@nging from RT down to 90 K, for frequencies betweeR 10
corresponding to the metal—semiconductor junction with itS;,4' 1§ Hz and for zero bias voltage. TI&—f curves for the

dopant and defect distribution. five highest temperatures show the same behavior. After a
constant low-frequency capacitance value which is of 56 nF
Il. EXPERIMENT for RT conditions, the capacitance decreases down to a low

value in the pF range. At RT, the cutoff frequerfgyis of 3.5
kHz, it decreases when the temperature decreases. At 210 K,
The GaN layers were grown in an AIX 200RF metalor- the shape of th€—f curves changes, leading for the lowest
ganic chemical vapor depositigMOCVD) system using tri- temperatures to a new plateau with a value of the capacitance
ethylgallium (TEGa, ammonia, and bis-cyclopentadienyl C around 8 nF, followed by a decreasing value of the capaci-
magnesium (CgMg) with H, as a carrier gas. The deposi- tance to which corresponds at & a cutoff frequency of 4
tion temperature was 1120 °C. The layers consist of a nuclekHz. When further decreasing the temperature, the cutoff
ation layer grown directly on top of the sapphire substratefrequency moves towards lower frequency values.
followed by an undoped buffer layer whose thickness is In Fig. 2, we show the results for the conductarige
about 1um. The latter is followed by the Mg-doped layer, divided by w=2=f, wheref is the measurement frequency.
which is 2 um thick. The CpMg/TEGa gas phase ratio For the five highest temperatures ti& o curves show
which determines the amount of Mg atoms incorporated is large peak centered at the cutoff frequencies of the previ-
around 0.1%. The samples were annealed for 15 min ausly shownC—f curves. The amplitude of this peak de-
750 °C. Two metallic contacts were evaporated on top of thereases with decreasing temperature. Below 230 K, a shoul-

A. Sample preparation and measurement procedure
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f [Hz] FIG. 3. Position of bulk thermal equilibrium Fermi energy with respect
to the valence band edds,, thermal equilibrium values of the hole con-
FIG. 2. Experimental curves of conductar@adivided byw=2xf as func-  centrationp, the level A occupatiom, and the level B occupation;s as
tion of frequencyf for temperatured (K) between RT and 90 K are shown. function of temperature are shown. The total concentrations of the levels
Steady-state applied voltage\ig=0 V. are, respectivelyN;,=1x 10" and Nyg=2x10"cm 3 and their energies

relative to the valence band edge &;g=210 andE;g=30 meV. The inset
showsp as function of inverse thermal voltaggkT.

der appears progressively on the high-frequency side of the
G/ w response. The shoulder leads to a distinct peak for tem-

peratures below 170 K. Itis centered around 4 kHz for temyhe numerical analysis with its corresponding energy position

peratures around 130 K, moving progressively to lower fre _ and concentratioN,s. The occupied level A concentra-
guencies, when the temperature decreases. tion is given by

At this stage, it would be tempting to directly use the
peak positiond; of the G/w curves for the 200 K—RT tem- B Nia
perature range to deduce the acceptor activation energy from MAT T+ gexd (Exa—Ep)/KT]’

an Arrhenius plot. As the theoretical analysis will show, a ) o )
linear correlation off /T2 as function of the inverse tem- WhereEg is the thermal equilibrium Fermi energy, agdhe

perature I may be accidental and does not return the inputi€generacy factor taken equal to 4. A similar expression
value of the activation energy. Due to its relatively largehlds for the occupied level B concentratiogs . The ther-

activation energy, Mg acts simultaneously as a dopant anf'@ €quilibrium hole concentratiop depends on tempera-
deep impurity. This complex behavior has to be introduced ifuré T according to

@

the theoretical analysig, as it may Ieaq to a compe_titi_on be- p=Ny exf (Ey— Eg)/KT], @)
tween these two functions, the resulting characteristics de-
pending on temperature and frequency. whereNy, is the effective valence band density of states. The

Furthermore, the appearance of the low-temperaturelectron concentration expresses similarly. The charge neu-
peak and its temperature dependence require the existencettsdlity condition is written, including eventually present fully
a complementary mechanism, the Mg-related acceptor levédnized donor and acceptor concentratidis andN,,
determines the electrical characteristics above 200 K but can-
not be related to the low-temperature results. Our interpreta-
tion will show that the introduction of a second acceptor  From this relation, the equilibrium Fermi enerfy can
level with an activation energy of several tens of meV canbe obtained numerically. As an application, we show results
effectively explain the low-temperature admittance results. for (E,,—E,)=210meV, Eg—Ey)=30meV, Nj=1

x10¥%cm ™3, Nyig=2x10%cm ™3, Ny=Np=0. In Fig. 3, we
1Il. THEORETICAL ANALYSIS show as a function of temperatufe the resulting position of
the Fermi energ¥Eg, the hole concentratiop, and the oc-
cupied level concentrationg, andn,g. The position of the

To completely describe the system, one needs the paranfrermi energyEr increases with increasing temperatdre
eters corresponding to the semiconducting material, the jund«eeping a position intermediate between the two defect en-
tions, and the fixed experimental conditions. GaN is a semiergiesk;, andE;gz. The carrier concentrationg, and n;g
conductor whose direct gap is 3.45 eV at RT. Magnesium ivary accordingly, with a resulting value ofg nearly con-
known as an acceptor, with however a relatively large ionstant above 160 K, close td,5. For these temperatures, the
ization energy, whose value in the literature is mostly givenlevel B behaves as a shallow dopant, when it is considered as
at energies of 100 to 250 meV above the valence band eddally ionized. The resulting hole concentration is the sum of
Ey . This energy position will be labele;, and the corre- the contributions provided by the two acceptor levels. Below
sponding total concentratioN;,. As suggested by the ex- 140 K, it is essentially the shallowest level B which contrib-
perimental characteristics at low temperatures, a second aates to the hole concentration and above 200 K, the contri-
ceptor state could be present. It will be taken into account irbution of the level A is the dominant one, due to its larger

P—Nn+Np—Na—nia—ne=0. ()

A. Bulk carrier concentrations
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total concentration. At RTp is equal to 2x 10" cm™3, which N INeg

corresponds to about 1% of ionized impurities of type A. The gt ' PtAr g~ TptB: (10
inset of Fig. 3 shows the plot of the hole concentratioas
function of inverse thermal voltagg/kT. The variation is
similar to that which is observed experimentally fof1/T)
plots obtained from temperature-dependent Hall
measurements.® The experimental curves effectively show NS )
above 2B K a regime with an exponential dependencepof and of amplitudev, small with respect t&T/q

Under steady-state conditions, the left-hand side of Eg)s.
and (10) is equal to zero. In the small signal analysis, the
applied voltage contains, in addition to the steady-state value
Vo, a sinusoidally modulated term of frequenty w/27

as function of 1T, and a rather flat behavior for lower tem- V=V.+Veiot (11)
peratures. In our calculations, this latter feature results from 0
the presence of the level B concentration. In the small-signal analysis, all quantities will have a dc

component which will be given with an index “0” and a
harmonic component whose amplitude, labeled with a tilde,

B. Basic equations and numerical procedure is complex in the general case. For example, the hole con-
The structure on which the measurements have been pegentration writes
formed corresponds to a pair of Schottky diodes connected P(X,t) = po(X) +P(x)e . (12)

back to back with the GaN layer as a conducting channel. . . )
This complete system is treated in the theoretical analysi§XPliCit expressions for the detailed developments are given
based on the resolution of the classical semiconductor equi! R€fs. 23 and 24. The position of the left-hand side and
tions for the free carrier and occupied level concentrationsight-hand side boundaries of the region occupied by the
For the acceptor concentrations considered here and due $§mMiconducting material are, respectivedy,andxg .

the large value of the gap of GaN, the electron concentration e place the Schottky contactsxat x, andxg. In the

n is several orders of magnitude smaller than the other corizoundary conditions, the Schottky barrier heigip,, is
centrations and its contribution in the various equations caff€d- In thermal equilibrium, it is related to the built-in po-
be neglected. The basic equations involve as unknowns tHENtialVy; and the bulk separation bgtween the Fermi energy
electrical potentialy, the hole concentratiop, and the level Er @nd the valence band edgg by?

concentrationsi, andng . In the numerical study, the sys- Abp=qVyi+ (Ef—Ey). (13

tem is considered as one-dimensional, witQiving the po-

sition. The first equation is Poisson’s equation In addition, a finite surface recombination velocity has to be

given to fully characterize the metal-semiconductor

V- (eVy)=—q(p+Np—Na—nia—nNeg), (4)  contact®®
where € is the dielectric constant ane-q the electronic ~ [nstéad of using the variables n, p, andn;, the equa-
charge. The continuity equation for the holes reads tions are expressed in terms gfand the quasi-Fermi ener-
giesF,, Fix andFg, as these are more appropriate, giving
‘9_p_ - EVJ o 5) variations of the same order of magnitude for the four un-
gt q P PtA TptB knowns. The set of Eq$4)—(10) is then solved numerically,

after scaling and discretization according to a variable size
mesh. As results, one obtains the steady-state and small-
signal values of the electrical potentigl the concentrations
Jp=P up VEy—u, kT Vp, (6)  p, na, N, the recombination rates,, andr g, the cur-
where u, is the hole mobility. The terms,,, andr g rep- rent densityJ,, and the displacement curredy , in the ac

resent the electron transition rates between the levels A arfé@se. The total ac current densitys constant with respect to
B and the valence band. According to the Shockley—Readx. From its value, one obtains the admittante J/V, from
Hall schemé these transition rates are written, for the casewhich the total capacitanc€ and conductanc& can be
of level A obtained

M otalEta) =Cpa P Nia— €pa(Nia—Nia), (7) Y=G+iwC. (14

wherec, 4 is the capture rate for holes, expressed in terms ofn this expressiois anC are the equivalent parallel capaci-
the hole thermal velocity §, and the hole thermal capture tance and conductance of the whole structure. Eb#ndC
cross sectionrp, by depend on the frequendy the steady-state voltagé,, and
the temperaturd .

HereJ, is the hole current density, which is the sum of the
drift and diffusion terms

CpA:Uﬁ‘]O-pA- (8)

The thermal emission rag,, is given by _ _ o _ )
C. Microscopic description of the junction
epAzciANV exd (Ey—Ea)/KT]. (9) Various results will be given in order to illustrate in the
9 steady-state and small-signal case, typical space- and
Similar expressions hold for the transition rates to level B. frequency-dependent basic features. They correspond to the
The continuity equations for the occupied concentration@aforementioned parameters for the acceptor level energies
of levels A and B are, respectively and their concentrations. In addition, the thermal capture
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FIG. 4. Real part of small-signal amplitudes at the left contact@) for g 5. Real part of small-signal amplitudes at the left-hand side contact
hole concentratiorp, occupied level A concentration,,, at temperature_ (x=0) for hole concentratiop, occupied level A concentratiam, , 0ccu-
T=230K, and for frequency =10 Hz are shown. The small-signal ampli- pieq |evel B concentration,s , at temperaturd =130 K and for frequency

tude of occupied level B concentration is too low togappear in this plot.£ _ 10 1z are shown. Inset: Integrated modulated charge per unit seirtion
Inset: Integrated modulated charge per unit sediord0~° C/cn?) as func- 1079 Clen?) as function of frequency, due to hole concentratiop, level

tion of frequencyf, due to hole concentratiop, level A, level B (nearly A, level B, and total charge densify at T=130K and zero steady-state
zero, and total charge densify at T=230 K and zero steady-state applied applied voltage.

voltage.

cross sections for both levels have been fixed at Zariations of the shallow defe@ty, is much less important,

X 10 *cn?. The hole mobility u,, is fixed at 10cmMVs gt least with the chosen parameter set, therefore the related
aboveT,=150K, and given aT/To)“ dependence below cyrve is not shown in Fig. 4. The same quantities are repro-
that temperature. A decrease of the hole mobility below 15Qjuced in Fig. 5 for the low-temperature caBe 130 K. Two

K has effectively been observed experiment&fyThe ex-  major differences occur as compared to The230 K results.
ponenta is considered as an additional parameter. In case ofhe amplitude ofif, is considerably reduced, while that of

a temperature dependence imposed by impurity scattering, jhe modulated hole concentratig@f has increased and is

is often giVen with a value of the order of 3/2. The SChOttkynOW the |eading term in the ac response. These are conse-
barrier height is taken 1.05 eV and the surface recombinatioguences of the temperature dependence of the bulk Fermi
velocity of the holes is cm/s. It is assumed that both evel position with respect to the valence band edge and of
contacts are identical i.e., they have the same Schottky baghe resulting junction energy band diagram.

rier height. In order to reproduce the electrical characteristics Al quantities shown up to now depend on the external
of the whole Structure, one has to take into account the thre%arameters temperature and frequency_ In order to give a
dimensional character of the real structure. The major d|ff|'synthes|s of the frequency dependence, we show in the inset
culty results from the fact that the conduction channel beof Fig. 4, for T=230K andV,=0V, as a function of fre-
tween the two contacts is not of a constant section. Itguency, the integrated real part of the ac amplitudeg,of

maximum value is at the Schottky contact whose diameter iy , | n,;, and of the charge density The different parts are
in the millimeter range. The conduction between the contactgefined as follows

is through the GaN layer, whose thickness is in the microme-
ter range. A way to adapt the one-dimensional numerical
procedure to model this feature, is to introduce a multiplying
factorR,, for the carrier mobilities in the region between the
two depletion regions. This fact&,, , less than one, is of the ~r _[* R

order of the ratio between the GaN layer thickness and the QntB_quL (~Tig)dx, (16)
contact diameter. A value of the order Bf,=0.005 can be

expected. For the value of the resistance of the GaN layer, it ~ 4 Xu_gr

is effectively equivalent to reduce the section of the conduc- Qp=QL prdx, (17)

tion channel or to reduce the conductivity by artificially re- )

ducing the hole mobility. As will be shown, this procedure ~R X o R =R

reproduces the experimental values of the series resistance of Qt — qfx (P™— M —Tp)dx (18)

the junction. -

In Fig. 4, we show the small-signal values of the holewherex, is an upper limit of integration, sufficiently large
concentratiorp(x) and of the occupied level A concentration such that the different integrands can be considered as zero
n:a(X), near the left-hand side contact, fér=230K, V, beyondx,. The charge defined by relatigh8) relates to the
=0V, andf=10Hz. The real part of the ac amplitude of imaginary part of the total current amplitude by
N i.e.,"ﬁFA, has its maximum at,=0.01um, wherea®® ~ =R
presents its maximum at, = 0.03um. The amplitude of the J=wQ;. (19

Qn, = f:“(—ﬁf;)dx, (15
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The inset of Fig. 4 shows that the response of the level A and

the hole concentration is constant up t& H2. Beyond this

value, the amplitude of the level A response decreases, as the

defect level is no longer able to follow the applied voltage

modulation. The mean frequency of the decreasing response

is 3X10°Hz. The response of the level B is negligible in
that temperature range. The hole amplitude, contrary to th
level A response, increases abovée B@, reaches a maxi-

mum at 16 Hz and decreases beyond that value, a cutoff
frequency for the hole response could be fixed at 2

% 10*Hz. The total charge density modulation is the result-
ing curve, with a cutoff frequency at>410° Hz. Dividing

QR by the voltage amplitudeV vyields the frequency-

Nguyen et al.

e

dependent capacitance of the single junction, as a result from f[Hz]

relations (14) and (19). In fact, this is a case where the
R,C-cutoff frequency, withR as the series resistance ad

FIG. 6. TheoreticalC—f curves for temperatures between RT ahd
=90 K are shown. Steady-state applied voltag¥js-0 V.

as the hole depletion layer capacitance is located slightly

above the defect-A transition frequen€y . Therefore, the

hole response cannot reach its maximum amplitude and thef eventually present, other completely ionized shallow do-

total cutoff frequency is practically equal to the defect tran-
sition frequencyf,, .?

nors,Np, and acceptord\,, have been set equal to zero.
The electrical characteristics are then calculated at vari-

In the inset of Fig. 5 we show the same quantities, buious temperatures, starting from an initial guess with typical

for a low-temperature case, witf=130 K. The response of
the level A has moved to lower frequencies, by about 3 de
cades. The hole amplitude modulation is maximum for
=3X10°PHz. The resulting amplitude of the integrated

values as given in the literature. In the optimization proce-

dure, a least-square fit is used to determine the open param-
eters such as to best reproduce the experimentally obtained
G/w curves. In a first step, the major features such as the

charge density modulation shows now a two-step behaviopeak positions are adjusted, a refinement in a second step

with a low-frequency cutoff determined by the level A re-
sponse and a second cutoff abové B@ determined by the

corrects the complete set of temperature-dependiab
curves. Figure 6 gives the resulti@-f curves and Fig. 7,

hole response. In terms of equivalent electrical circuits, thehe G/ curves. The obtained parameters &g=0.007,
hole response is due to the modulation of the depletion layef=3, q¢,=1.05eV, Ex—Ey)=210meV, E;z—Ey)
width, whose cutoff frequency is given, in the case of a clas=30meV, Niy=1x10¥cm™3, Nig=2x10"cm™3, opa

sical junction with fully ionized shallow dopants by tReC
constant of the structure, wheR, is the series resistance
andC is the depletion layer capacitance.

D. Admittance curves of the back to back connected
Schottky junctions

The theoretical curves are obtained with a one-

dimensional system giving electrical quantities per unit sec-

tion. In the following, the section will be fixed by normal-

ization of the low-frequency value of the RT capacitance to 204

=2x10"Ycn?, ando,g=2x10"cn?.

First, the as-obtained parameters are compared to experi-
mental values reported in the literature. Schottky barrier
heights depend on the nature of the metal, on surface prepa-
ration conditions, and on interface oxide layers. For contacts
on p-doped GaN, barrier heights are obtained from an analy-
sis of |-V characteristics and give, respectivelggpy,
=0.9eV?"1.05 eV*?0.50-0.65 e\¥° 0.49 eV}’ even values

the experimental RT capacitance value. Normalizing to the
height of the main peak in th&(w)/® curve would yield
similar results. To analyze the resulting electrical character-
istics, a series of parameters describing the structure has to
be fixed. The lengthXg—x,) is taken equal to the mean
distance between the two contacts. The hole effective mass is
fixed at mp=0.8110.5 The parameters which remain to be
determined are the Schottky barrier heigf, at the two
junctions, the position of the two levells, andE;g and their
respective concentratiomé 5 andN;g, their thermal capture
cross sectiong,, andopg and the factoR,. The RT hole
mobilty u, has been fixed to 10&tV's, with a (T/To)®

Gle [107°F]

[=]
3]
|

@
=)
I.

temperature dependence belol=150K. We have not
considered the mobility., as an independent parameter as
the reduction factoR,, is already used. The concentrations

FIG. 7. TheoreticalG/ w curves as a function of frequency for temperatures
between RT andr=90K are shown. Steady-state applied voltageV/is
=0 V.
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FIG. 8. Theoretical £ ) and experimental®) values ofT?/f., with f. the
capacitance cutoff frequendgqual to theG/w peak positiohas function of
the inverse thermal voltagg/kT for temperatures fronifr=200 to T
=300 K. The second curve shows the theoretical) (and experimental
(O) values of the series resistanRg.

FIG. 9. Position of main peak iG/w vs frequency curve af=293 K, as
function of the reduction factdR, is shown. The inset shows same values
in the enhanced region d&®,=0.001 to 0.015. Numerical fit yields best
agreement foR,=0.007.

as high as 2.4 eV for Ni-GaN contacts have been and theoretical value of?/f., wheref_ is the peak position
mentioned’® The activation energy of the Mg-related accep-of G/w in this temperature range. Good agreement between
tor level has been determined by various methods, the resultheory and experiment is obtained. The figure also shows a
ing values depend on growth method and Mg concentratiorcomparison of the experimental and theoretical value of the
From the study of the temperature dependence of the holequivalent series resistance, which is obtained from the high-
concentration obtained by Hall measurements on GaN layfrequency value of the real part of the impedadecel/Y. At
ers, values of 112 to 190 meV are givEi,by admittance high frequency, the equivalent circuit of the whole structure
spectroscopy, values of 70 to 160 meV are cfietin some  reduces to the series resistariRgas the impedance of the
cases, the value obtained by admittance measurements weepacitances becomes negligible. The agreement between the
lower than that obtained from the Hall methb&hotolumi-  experimental and theoretical values justifies the use of the
nescence studies of the donor—acceptor recombination yieléduction factoR,,, to simulate the effect of the geometrical
again a different set of values between 150 and 25Gtructure. In Fig. 9, we show for RT conditions, the theoreti-
meV1%~4The thermal capture cross section of the A level ofcally obtained value of the position of the dominant peak in
2x 10 ¥cn is close to the value given by admittance spec-the G/w curvesf. as a function of the reduction fact&, ,
troscopy in Ref. 4. for values ofR, between 0.001 and 1. For values Rf,

Several acceptor levels in the same sample have beabove 0.4, the peak frequency remains constant, as it corre-
observed experimentalfy??° Their energy positions depend sponds to the defect transition frequency. A second peak in
on the growth method and sample preparation, but most arthe G/ w curves is at a higher frequency and corresponds to a
located at least at 100 meV above the valence band edge. RC cutoff. BelowR,=0.4, it progressively merges into the
our study, their concentratiddg is rather weak as compared first peak, leading to a slight increase on the resulting peak
to the value olN;,, and their effect only appears at tempera-frequency. BelowR ,=0.1, the peak frequency decreases. As
tures below 150 K. This may explain why acceptor levelsthe inset of Fig. 9 shows, the variation fyf is nearly linear
with activation energies around 30 meV have not been dein that parameter range. The frequerfgyis proportional to
tected in the past with the used experimental techniques. ThR,,, i.e., inversely proportional to the series resistaRge
thermal capture cross section for level B has been set equ@his strongly indicates that the RT temperature cutoff fre-
to that for the level A. As will be seen from the discussion quency is due in fact to the electricalRsC cutoff, whereC
below, it is not possible to determing, from the electrical  is the low-frequency capacitance, and no more to the defect
characteristics, as the level B influences the thermal equilibtransition frequency.
rium Fermi energy and the temperature-dependent hole con- An additional argument in favor of this interpretation in
centration, but not the dynamical response to the appliethis temperature range is furthermore given by the results
modulating voltage. shown in Fig. 10, where the cutoff frequency positiignis

The theoretically obtained temperature-dependent shown as function of temperatuife The lower curve gives
and G/w curves well reproduce the experimental curvesthe values off. for the up to now studied double Schottky
shown in Figs. 1 and 2. The different regimes at high andstructure, whereas the upper curve corresponds to a single
low temperatures can be explained with the help of the abov8chottky diode with a total length of 4m, andR,=1. In
mentioned microscopic characteristics. this latter case, n®C-cutoff frequency can be expected in

Above 200 K, the capacitance is due to the modulatiorthis temperature rangd, therefore is equal to the defect
of the space charge for which the defect state A related to thizansition frequency;,. The comparison of the frequencies
magnesium is responsible. Figure 8 gives the experimentdl. for the two systems clearly shows the transition between
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12 low dopant, several terms given in the expression of the tran-
sition frequency are neglectéiThis approximation is even
worse in the case of Mg-doped GaN, where Mg is at an
energy level which simultaneously acts as a dopant and deep
impurity.

Below 200 K, the main peak i6/w moves below the
100 Hz limit of the measurement equipment, but a shoulder
appears in the £8-10* Hz frequency range leading to a
] well-defined second peak below 170 K. With the help of Fig.
2 PR 5, the following interpretation can be given to this peak. In
the inset of Fig. 5, the integrated amplitudes of the small

10+

Single SD

fo [10°Hz]
()]
L

0 T T T T signal response of the various contributions to the charge
200 220 240 260 280 300 modulation in the vicinity of the junctions are given. It is
TIK] shown that the response of level A has moved to very low

FIG. 10. Position of main peak i/ vs frequency curve as function of frequencies, below 10- Hz. The response of level B is nonzero
temperaturel, for complete double Schottky diode structilewer curve bu_t an Order_of magmtude lower than tha_t of the h_OIE_S' F_0r
and for single Schottky contact with reduced lengtia{x )=1 xm, R,  hiS reason, it is impossible to get a precise quantitative in-
=1 and otherwise identical parameter &gpper curvé formation on the capture cross section of this shallow accep-
tor level. Above 10 Hz, the major contribution is due to the
holes. This corresponds to the modulation of the depletion
the two regimes. Above 250 K, the electrical behavior of thelayer width in a classical p-n junction or a
circuit determines the cutoff frequency. Below 230 K, it is metalp—semiconductor junction. This contribution remains
the reduced response of the Mg-related defect sfatg ~ When the deep impurity levels no longer respond to the
which imposes the reduction of the equivalent capacitance ofariations of the applied voltage. The cutoff frequency is
the structure. equal to 1/(2rRs,C) whereRg is again the series resistance
As a consequence, care should been taken in attemptirggsentially due to the conducting layer between the depletion
to directly deduce the activation energy from an Arrheniudayers andC is the combined capacitance of the two
plot. First, the system under study here consists of the Mgchottky contacts. The capacitance of each contact is only
level, which acts simultaneously as tpedopant and deep weakly temperature-dependent in this temperature range, and
impurity. This is a situation where the assumptions leading tdhe variation of the peak position and amplitude with tem-
the identification of the defect transition frequenzywith perature is mainly due to the temperature dependence of the
the thermal emission rate are not fulfill&?*3°Even when series resistance. THRC-cutoff frequency is therefore pro-
resistance effects do not exist, this leads to an expression gbrtional to the conductivity of the GaN layer, which means
f; which is not simply equal to the hole emission rage the  proportional to the hole concentratipnand the hole mobil-
difference in magnitude being of the order of a factor 10-50ty w,. As seen in Fig. 3, the hole concentratipmiecreases
and the temperature dependence not simply that of anly weakly from 160 to 120 K, as does the mobiljiy,,
thermally-activated process. Starting with an input value ofwhich explains that the displacement of this peak, is small in
(E.a— Ey)=210meV, we have determindg, by calculat- this temperature range. Below 120 K, the reduction in tem-
ing the G/w peak position for a single and sufficiently short perature of the hole concentratiprand of the hole mobility
Schottky diode, such that series resistance effects play ndue to increased impurity scattering, is responsible for the
role. With temperatures from 200 to 300 K, the Arrheniuslowering of the capacitance cutoff frequency and of the low-
plot yields an activation energy of 176 meV. This apparentemperature peak position. The reduction of the peak height
shift of 30—40 meV corresponds to similar values as weravith temperature is due to the reduction of the effective hole
obtained by Kozodot al!® and Kim3° Using the values of concentratiorp. The appearance of this peak in the admit-
the theoretical peak positions for the complete structure agnce curves is the combined result of the large value of the
shown in Fig. 8, one obtains an apparent linear relation in @eries resistance, the large distance between the contacts, the
log representation of?/f as a function of the inverse ther- low intrinsic hole mobility of GaN and the geometry of the
mal voltageq/kT. The resulting activation energy is now double Schottky structure, which is included through the re-
107 meV, which is clearly distinct from the input value 210 duction factorR,, . As shown in Fig. 7, this second peak does
meV and the ideal transition frequenéyy,=176 meV. As not appear in the high-temperature curves as it is hidden by
this discussion has shown, the cutoff frequency is the featurthe high-frequency part of the first peak.
resulting from two cutoff mechanisms which both are present  We have attempted to explain the existence and tempera-
in the 200—300 K temperature range. The fact of obtaining aure dependence of this low-temperature peak by other ef-
linear relationship in a semilog representation might therefects, such as an asymmetry between the two contacts, a
fore be, in some cases, purely fortuitous. It implicitly as-second level of donor type or a second acceptor level being
sumes that the temperature dependence of the transition frelly ionized at all temperatures, which is equivalent to
guency is the same as that of the thermal hole emission rate,nonzero concentratioN, . But all these models were un-
as given by expressiof®). But doing so even in the case of able to correctly reproduce the experimental results. Taking,
deep impurities, at concentrations lower than that of the shafor example, a constant value dfi, produces a low-
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temperature peak in th&/w curves by the samBC-cutoff  basis of LEDs. Inclusion of more than two acceptor levels, as
mechanism, but there is only a weak shift of this peak wherwell as donor levels in the forbidden gap or a continuous
the temperature decreases. This final analysis shows thdefect density of states, are also possible.
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