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Space-charge-limited current flow in ~allium nitride thin films
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Polycrystalline gallium nitride {Gaw) thin films, 1-5 p, thick, were deposited on degenerate silicon (Si)
substrates by reactive rf sputtering at 45 C. The resulting electrical characteristics are interpreted in
terms of space-charge-limited current flow in the presence of two discrete trap levels. Analysis of the
data indicates an equilibrium electron concentration of S.2x10'-7.8X10' cm ', carrier mobility of 330
cm'/Vsec, and density of traps located 0.81 and 0.39 eV below the conduction band edge of 3.7X10"
and 1.9X10' cm ', respectively. The effect of post-heat treatments in a continuous nitrogen gas flow is

shown to decrease the carrier mobility and increase the concentration of shallow traps while

maintaining the density of the deeper traps approximately constant. At large electric fields (E &4X10'
U/cm), a hot-electron effect is shown to be dominant.

I. INTRODUCTION

The III-V compound gallium nitride has been the
subject of recent investigations because of its po-
tential application in spontaneous- and stimulated-
light-emission devices and as an insulating medi-
um. GaN was demonstrated to crystallize in the
hexagonal wurtzite structure and have a direct en-
ergy band gap of 3.39 eV. ' It has been grown in
monocrystalline needles by reacting molten galli-
um with ammonia, ' and deposited epitaxially on a
variety of substrates, most commonly Al, O„via
vapor transport, "solution growth, ' and reactive
evaporation. ' The attainment of single-crystalline
material necessitated the employment of relatively
high growth temperatures [(850-1150}'e], and al-
ways resulted in n-type GaN with room-tempera-
ture electron concentrations and carrier mobili-
ties of 10" cm ' and 85-150 cm'/Vsse, respec-
tively. The inability to detect foreign impurities
in such large concentrations resulted in the as-
sumption that native donor defects (nitrogen vacan-
cies or gallium interstitials} are the dominant do-
nor species. Recently, QaN epitaxially grown at
1050'C by vapor transport was reported to have a
lower electron concentration of (1-2)x10" cm '
with p =400 cm2/V sec.'

P-type QaN has not yet been convincingly pro-
duced and the question whether type conversion is
possible remains unanswered. However, the in-
troduction of group-II or -IV acceptor impurities
during vapor deposition resulted in high-resistivity
material with values as great as 5 x10' 0 cm being
observed. ' High-resistivity (10'-Oem) single-
crystalline GaN has also been produced without re-
sorting to the introduction of compensating impuri-
ties by the lower temperature (400-900'e) process
of decomposition of the gallium tribromide-am-
monia complex. ' Polycrystalline QaN, grown by

reactive evaporation when the substrate was main-
tained at a temperature below 550 'e ' and by reac-
tive rf sputtering, ' also yielded low-conductive
thin films.

The electrical properties of polycrystalline gal-
lium-nitride thin films fabricated by reactive rf
sputtering are described. Interpretation of the
observed current-voltage characteristics in terms
of space-charge-limited current flow permitted
calculation of the thermal-equilibrium electron
concentration, carrier mobility, and density and
energy location within the bandgap of the effective
traps. Evidence for the existence of two discrete
trap levels is presented, a situation not often en-
countered in other materials where space-charge-
limited (SCL) current-flow mechanisms have been
identified. " In large electric fields (E&4 x10' V/
cm), the disagreement between the observed I V-
characteristics and those of the expected square-
law regime is found consistent with the introduc-
tion of a hot-electron effect.

II. EXPERIMENTAL

The method employed in the deposition of QaN
was essentially that of Hovel and Cuomo. ' The
material was deposited on degenerate Si sub-
strates, (111}orientation, by rf sputtering of a
gallium target in the presence of nitrogen. The
target consisted of a molybdenum disk coated with
99.99%/o-pure Ga and attached to a mater-cooled
cathode assembly. Prior to the introduction of ni-
trogen, a pressure of less than 10 ' Torr was at-
tained while the substrate was maintained at the
growth temperature of 45 'e. Nitrogen was puri-
fied initially by passage through a titanium subli-
mation pump and introduced into the chamber at a
pressure of 3x10 ' Torr. During deposition, a
frequency of 13.56 MHz was employed with a total
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power input of 300%. These conditions resulted
in a growth rate of approximately 800 A/min.

The thickness of the resulting depositions ranged
from 1 to 5 p, as measured by the Taylor-Hobson
taly-surf mechanical-stylus technique. The layers
could be etched readily in concentrated phosphoric
acid at 95 'C at a rate of 1600A/min. Measure-
ment of the refractive index at a wavelength of
5461 A yielded 2.44, which compares with a value
of 2.89't (A =5461 A) obtained on single-crystalline
GaN grown by vapor transport. " Low-angle Laue
x-ray measurements indicated the layers to be
polycrystalline with crystallite sizes of 200-500 A
and having a (001) preferred orientation.

Contacts, 2 x10 ' cm' in area, were constructed
on the exposed GaN by evaporating aluminum or
rf-sputtering indium nitride through a metal mask.
InN films are highly conductive with electron con-
centrations and Hall mobilities of 10"cm ' and
250 cm'/V sec, respectively. A back-Al contact
was also evaporated on the Si substrate to facili-
tate electrical measurements.

The electrical characteristics mere obtained by
a standard I-V measurement circuit. At low cur-
rent levels, a Keithley Model 416 high-speed pico-
ammeter was employed. All measurements above
room temperature were conducted in a hot stage
and in the presence of a continuous nitrogen gas
flow.

characteristics are shown in Fig. 1, with the rele-
vant equations (T1)-(T28) summarized in Table 1.
The sharp transitions of Fig. 1 are a result of ap-
proximations in the method and mould not be ob-
served experimentally.

%hen the equilibrium Fermi level E~ is belom
0

both trap levels (E, & E, &E„), the characteristic
displays an Ohmic region plus three distinct
square-law regions (solid curve, Fig. 1) associ-
ated with the deeper traps, shallow traps, and
trap-free regime as given by Eqs. (T1)-(T7).
These equations are only valid when 8~ » 9~. The
more general situation where this condition need
not apply has been previously considered by En-
glish and Drews. " At large fields, the I-V char-
acteristic will merge with the trap-free square
law (ZTF), which is the largest one-carrier injec-
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III. THEORY OF SPACE-CHARGE-LIMITED

CURRENT FLOW IN INSULATORS

The theory of space-charge-limited current flow
in insulators has been considered in detail by
Lampert and Mark" for a variety of trap distribu-
tions. In this section, the theory is extended to
include the case of an insulator with two sets of
traps. The basic assumptions that, (i) the cathode
is capable of supplying any required current-in-
jection level with a negligible fraction of the ap-
plied potential absorbed across the contact region,
i.e., electric field at the cathode is approximately
zero, (ii) the contribution of diffusion currents are
negligible, (iii) carrier mobility is field indepen-
dent in the voltage range considered, and (iv) the
statistics of trap occupancy (satisfactorily obtained
by employment of the quasi-Fermi concept) are all
assumed valid. In addition, the traps are assumed
to be discrete and not distributed in energy and
characterized by concentrations and energy levels
of N... N, and E...E, (E, &E, ), respectively.
The majority carriers are assumed to be electrons
and all energies are defined with respect to the
conduction-band edge which by convention is at
zero energy. Employing the simplified regional-
approximation method, "the obtained volt-ampere
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FIG. 1. Theoretical volt-ampere characteristics for
space-charge-limited current flow in the presence of
two discrete trap levels. Solid curve: E, E, Ez,
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tion current the insulator is capable of carrying.
If the low-frequency dielectric constant is known,
voltages Vc, (assuming 8~ «He) and V« in combi-
nation with Eqs. (Tll) and (TI5) will yield N, and

directly. In turn, if the effective density of
states in the conduction band N, , carrier mobility
p. , dielectric constant e, and the trap-degeneracy
factor g are known, the energy location of the traps
within the band gap can be obtained via Eqs. (T3)-
(T8).

For comparison, the situation when the equilib-
rium Fermi level lies between the two trap levels
(E, &EF &E, ) is also included (dashed curve,ts Fo
Fig. 1; Eqs. (T18)-(T20), Table I). This charac-
teristic was obtained by assuming that all parame-
ters of the above case remain unchanged with the

exception that the equilibrium concentration is in-
creased. This condition may arise because of a
slight alteration in the concentration of compen-
sating acceptor centers. The deep-trap square-
law region is no longer present, with the charac-
teristic going from Ohmic to transition to shallow-
trap square-law region as the bias is increased.
Only a minimum concentration of deeper traps
(those unoccupied by electrons at thermal equilib-
rium) can be determined from Vc, and Eq. (T22).
It is of interest to note that the current density at
which the first transition region is entered re-
mains approximately unchanged for both cases
(Jc,=Jc,). For voltages greater than Vc„ the two
characteristics are identical.

For a variety of reasons, including the inability

TABLE I. Fundamental parameters and transitions in volt-ampere characteristics for
space-charge-limited current flow in the presence of two discrete trap levels for an insulator
of thickness L.

I. E E E; (E -E )/kTts tg Fp& to Fp

J& ——n pqp, V/L

J 0= 98DepV2/SL ~

J,=9es~~v /SL

JTF 9EPV /8L (T7),

n =N e Fp/"
p c

eD= (N, /gNt )eEtD/'T

8S= (N, /gXt )eats~»

(T4)

(T6)

Transitions

Jc 1
= 8q 2n ~pp, L/9G&&

JC2=Dq ~g~L /6 (1-Sg)/28S)

JC3 ——28sq pÃ2 L/e

JC 4 8sq 21LfNt2 L /ts
JC5 —2q pÃt L /e

{T10),

(T12),

(T14),

(T16),

VC 1
—Sq n g 2/9

Vc2=qN, L /2e(1-SD/28s)

VC3=4qNt L2/3c

Vc4= qNt L2/2
s

V„=4,N„L2/3.

(T9)

(T13)

(T17)

Et &EF' Et, (Etg-EF' )/kT& 1

J& ——n pqIJ, V IL
J„'/Z =e(,'EF'p -EFp)/'tt T

s=98se pV /SL

(T18),

(T20),

n '
N~ e~+ep "r~

p c

8, = {N, IgN„)eEt s~"

JTF ——9ePV /8L

Transitions

(T21), VC2 =qpg, pL '/~&

if O~D&&8 s

(T25), VC3 —4qPD pL /%

Vc4=qNt, L'/2

VC5= 4qN't L 2/

Jc2=n pq2ppD 4/
-E' )V /V p /N —(] /g)e( ta EFp)/AT

Jc 2/Jc 2
= pa pn p /8 0N t &

= 1
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p
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J'c,/Zc, = p$ 0/X,
' = (1/g)2e2teep Es,,&/»-
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(T27)
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to detect; low current levels, electrical breakdown
of insulators at high fields and the absence of two-
trap levels, the complete characteristics of Fig. 1
have not been observed experimentally. However,
space-charge-limited current investigations on a
number of different insulators, most notably the
II-VI compounds, have yielded detailed character-
izations of these materials which have been con-
firmed by independent experiments. "'" "

IV. EXPERIMENTAL RESULTS

Figure 2 shows the dc steady-state I -V charac-
teristics obtained for samples 1.36 and 2.4 p. in
thickness. The Al pad was biased positively with
respect to the degenerate p-type silicon substrate
and the current rapidly stabilized at a given volt-
age with little evidence of hysteresis. The curves
were also found essentially independent of bias
polarity, contact material (Al or fnN), and sub-
strate type (p' or n').

10—2

The similarity between the experimental curves
and those of Fig. 1 are obvious. The thicker sam-
ple displayed the following regions: Ohmic,
square law, transition, and square law and transi-
tion. The 1.36- p, sample had the first square-law
region omitted, but its conductivity in the Ohmic
region is increased considerably. For fields
greater than 2 x10' l'/cm, the samples underwent
an electrical breakdown which resulted in a short.
Therefore, it is questionable whether the second
square law is a trap-free region followed by elec-
trical breakdown, or whether it is a shallower-
trap square law proceeded by a transition into an
unobservable trap-free region.

For the 2.4-p, sample, 6)~p. and 6)~ p, products of
3.8 x10 ' and 8.6 x10 ' cm'/V sec were calculated
from Eqs. (T3) and (T5). These values compare
to 8p products of 6.2 x10 3 " and 3.4 x10 ' ' cm~/
V sec calculated from square-law regions previ-
ously observed in the I-V characteristics of high-
resistivity single-crystalline GaN thin films. If
the upper square-law region is a true trap-free
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FIG. 2. Experimental volt-ampere characteristics
observed for samples 1.36 and 2.4 p thick. Dashed
curve —expected volt-ampere characteristic for 1.36 JLf,

sample if all parameters calculated for 2.4 p sample
were assumed valid. Al pad biased positive with respect
toP+ Si substrate.
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FIG. 3. Volt-ampere characteristics of 2.4-p sample
as a function of temperature. Al pad biased positive with
respect to p+ Si substrate.
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condition (8 =1), a carrier mobility of 8.6x10 '
cm'/Vsse is required, an exceedingly small val-
ue. Assuming H is equal to unity in this region,
Eq. (T7) predicts that a temperature-variation ex-
periment would display only the variation in mo-
bility, which is expected to be small and inversely
proportional to temperature.

Figure 3 shows a series of I-U curves as a func-
tion of temperature in the range of 20-127'C.
Above approximately 150 'C, the samples under-
went a transformation which drastically altered
their I-U characteristics when returned to room
temperature. The two square-law regions are
present in all cases, with the 9p. product of the
first increasing at a faster rate than that of the
second. Since the variation with temperature of
the Hp, product for the upper square law cannot be
explained in terms of mobility changes, it is con-
cluded to be due to a shallower trap and not char-
acteristic of a tray-free region.

For the sample 2.4 p, thick, and employing the
previously published low-frequency dielectric con-
stant of GaN to be 9.8, ' U~, =2 V and U~, = 100 V
in combination with Eqs. (Tll) (HD/28~=2. 2x10 ')

and (T15) yields values for N, and N, of 3.8
x10" and 1.9 x10" cm ', respectively. The latter
concentration will be shown to be in considerable
error because the observed transition at 100 V is
not a true space-charge-limited transition. Fig-
ure 4 shows a plot of log»I vs 1/T for a number of
bias voltages. Two distinct activation energies
are present with values of 0.39 and 0.81 eV and
corresponding to E, and F, , respectively.

Assuming an effective density of states in the
conduction band of 3.1x10"cm ' at 300'K, "and
a degeneracy factor of 2, a value for OD of 1.15
x10 "cm'/V sec was calculated via Eq. (T4).
Since e~p =3.8x10 ' cm'/V sec, the carrier mo-
bility is estimated to be 330 cm'/V sec, a value
previously observed in single-crystalline material
by Hall measurement techniques. ' As pointed out
by Bube, "the intercept of a 6 vs 1/T plot at 1/T
=0 equals N, /gN, , and provides an independent
means of checking the trap concentration obtained
from transition voltages. This construction was
also found consistent with an N, of 3.8x10" cm '.

With the availability of both p, and e~, either
Eq. (T1) or (T9) can determine the equilibrium
electron concentration. Both calculations resulted
in a value for n. , of 5.2x10' cm ', which corre-
sponds to a resistivity of 3.6 x10" 0cm. From
Eq. (T2), the equilibrium Fermi level lies 0.88 eV
below the conduction-band edge and approximately
3kT below E, .

It can now be demonstrated that the departure
from the shallow-trap square law, observed at
100 V, cannot be accredited to a transition into a
trap-free region. We will show, below, that this
transition can be explained by a hot-electron ef-
fect. Taking the Hs p, product calculated from Eq.
(T5) of 8.6x10 ' cm'/V sec and a carrier mobility
of 330 cm'/V sec, Eq. (T6) yields a value for N,
of 1.9 x10" cm ', three orders of magnitude great-
er than the value that would be obtained by making

TABLE lI. Summary of parameters calculated from
volt-ampere characteristics of samples 1.36 and 2.4 p
thick.
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the false assumption that the transition observed
at 100 V corresponds to U 4. The intercept of (9~

vs 1/T at 1/T =0 also yielded a larger value for
N, of 1.4~10" cm '. The actual U~4 transition
can be calculated by employing N, =10" cm ' in
combination with Eq. (T15) which results in a val-
ue of 10' V, a condition completely unattainable

experimentally.
Figure 2 also shows the predicted characteristic

(dashed curve) if the sample thickness was 1.36 p
and all of the parameters determined above were
valid. The 0~ p. product is observed to scale cor-
rectly with thickness, and since it is difficult to
envision a mechanism whereby both jL(, and 6)~ vary
in such a manner as to maintain their product con-
stant, it is concluded that p, =330 cm'/Vsec and

=1.9 x10" cm ' for the thinner sample. From
Eq. (T22), no = 7.8 @10' cm ', a factor of 15 great-
er than for the thicker sample. This change in the
equilibrium electron concentration could be due to
a slight decrease in the density of compensating
acceptor centers. F~ for this sample is -0.81 eV,

placing it approximately at the deep-trap energy
level and explains why the first square-law region
was not observed. Equation (T22), with Vc,
= 0.25 V, yields a value for pD, (deep traps unoc-
cupied by an electron at thermal equilibrium) of
1.4x10" cm '. Table II summarizes the parame-
ters calculated from analysis of both samples.

As previously stated, samples treated above
150'C displayed pronounced changes in their elec-
trical characteristics. To elucidate more of this
effect, samples were treated at elevated tempera-
tures for 1 h in nitrogen gas flow, returned to
room temperature and their I-U characteristics
measured. Figure 5 shows the results of this ex-
periment. Under optical microscopic examination,
samples treated above 500 'C displayed excessive
damage and were characterized by numerous
cracks and bubbles, some of which had burst open.
GaN is known to dissociate at temperatures of
600'C, "and the formation and eventual eruption
of the bubbles are believed to be a manifestation
of the escaping nitrogen gas.

Examination of the electrical data indicates that
transition U~, remained approximately constant at
7 V for all of the treated samples, implying that

is constant and equal to approximately 3.7
Dx10" cm '. However, the drastic decrease in the

(9~ p. product as the annealing temperature was in-
creased is evident, with the calculated products
summarized in Table III. Since 6)~ p. is a decreas-
ing function of annealing temperature, the carrier
mobility is decreased and/or the concentration of
shallow traps is increased. That p. is decreasing
with increasing annealing temperature is evident
from the deep-trap square-law region. Since N, ,
and consequently GD, are constant, the variation
in the (9ap, product only reflects the change in car-
rier mobility, For example, analysis of the elec-
trical characteristics for the film annealed at
200'C yielded p. =110cm'/Vsec, with N, and N,
equal to 3.7 &&10'~ and 4.9 &&10" crn ', respectively.
A complete analysis for the other treated samples
was not possible because of the lack of suitable

1Q 11

- 10-9
10—12—

10 -10-10
I i i

101 102 103 10
VOLTAGE tV)

NONE 30Q

1p 13
10-2 10 1 100

FIG. 5. Volt-ampere characteristics obtained at room
temperature following post-heat treatments for 1 h in
nitrogen gas. Al pas biased positive with respect to
n' Si substrates, I-= 2.3 p.

Annealing

temperature
('C)

product
(cm2/V sec)

none
200
300
400
500

S.6x10 6

1.1x10 '
6,4x 10-8
8.6x10 ~

3.0x10 '0

'All treatments of 1-h duration in 1%2 gas.

TABLE III. Calculated 8 zp products from Fig. 5 for
the various post-heat treatments.
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data. However, it can be concluded that the effect
of high-temperature heat treatment is to decrease
the carrier mobility while increasing the concen-
tration of shallow traps and having little or no ef-
fect on the concentration of deep traps.

V. DISCUSSION

The major implication of the experimental data
and subsequent analysis in terms of space-charge-
limited current flow is the detection of two dis-
crete trap levels 0.81 and 0.39 eV below the con-
duction-band edge with concentrations of 3.7 x10"
and 1.9 ~10" cm ', respectively. The identity of
these centers cannot be deduced from the experi-
mental data, since the only criterion for a trap in
space-charged-limited current-Qow theory is that
it.be any localized electronic defect state whose
electron occupation is given by the Fermi-Dirac
function. Hence, the centers could be donor states
which are positively charged when unoccupied by
an electron, or electron traps which are neutral
when not occupied. It is obvious that if the centers
are donors, and since the equilibrium Fermi level
is located 0.8-0.9 eV below the conduction-band
edge, the material is almost totally compensated
by deeper-lying acceptor centers. This is not an
unusual phenomena, and has been observed in
CdS,"GaAs" and a wide variety of other com-
pound semiconductors.

Previous experimentally observed electronic de-
fect states in GaN are very limited. Since most
undoped single-crystalline material is heavily n

type with electron concentrations of 10" crn ', ' '
carrier freeze out is not possible and consequently
an activation energy for the responsible donor cen-
ter could not be obtained via low-temperature Hall
measurements. However, examination of the near
ultraviolet photoluminescence observed at low tern-
peratures has been interpreted in terms of a radi-
ative transition between a donor-acceptor pair,
with the donor level estimated to be 0.042 eV be-
low E, and the acceptor center 0.2 eV above the
valence-band edge. " It should be noted that the
only defect states capable of detection in space-
charge-limited current-flow experiments are those
in which the quasi-Fermi level can be swept
through via variation of the current injection level.
In the present study, this corresponds to a band-
width approximately 0,4 to 0.9 eV below the con-
duction-band edge, consequently, any defect states
lying outside of this region will remain undetected.

Chu' observed space-charge-limited current flow
in nonintentionally doped, high-resistivity GaN,
and by plotting inf vs 1/T, concluded that a deep-
lying impurity at approximately 1.1 eV was domi-
nant. Pankove et al. ," employing the same tech-

nique, observed a 0.13-eV activation energy above
room temperature for Zn-doped single-crystal
QaN in the region where the voltage was quadratic-
ally dependent on current. Although neither of the
above activation energies correspond to those ob-
served in this study, the existence of deep-lying
electronic defect states in both monocrystalline
and polycrystalline high-resistivity QaN is evident.
Apparently, the energy level and density of these
traps are a critical function of deposition condi-
tions. This statement is supported by the experi-
mental evidence that annealing of the samples in-
creased the concentration of shallow traps located
0.39 eV below F... and further suggests that the
centers are possibly due either to large-scale dis-
orders, such as crystal imperfections caused by
internal stress, or native point defects which are
deviations from stoichiometry.

Observations of a carrier mobility in polycrys-
talline QaN comparable to that measured in single-
crystal material' would at first appear contradic-
tory. However, as emphasized by Mott and Davis, "
the mobility obtained via analysis of space-charge-
limited current flow is the microscopic or conduc-
tivity mobility, with the drift or effective mobility
being given by the Og product. In the present
study, this would correspond to an effect;ive mo-
bility of 6.6x10 ' cm'/Vsec for fields greater
than 4x10' V/cm.

The present lack of knowledge concerning the
fundamental parameters of GaN does not permit
calculation of an expected mobility due only to lat-
tice scattering. However, employing the Conwell-
Weisskopf formula for scattering by ionized im-
purities" and assuming that traps Ã, are donors
and completely compensated, a mobility of 45 cm'/
Vsec is calculated, a value seven times lower than
observed. The possibility of donor-acceptor pairs
acting as dipoles which are known to scatter far
less effectively than an equal number of isolated
ionized impurities'4 could account for this discrep-
ancy. The observed inverse proportionality of
carrier mobility with trap concentration N, re-
sulting from the heat-treatment experiments
(X, ,/N, , =2.6, p, ,/p, =3.0 where subscripts 1

and 2 denote no annealing and 200 'C annealing, re-
spectively), also indicates that an ionized impuri-
ty-scattering mechanism is dominant and that
shallow traps are donors, and consequently almost
totally compensated by deep-lying acceptors.

As previously demonstrated, the transition from
the shallow-trap square law observed at 100 V
(L =2.4 p) is not a space-charge-limited current
transition into a trap-free region, which would
theoretically occur at a much larger voltage, but
due to another effect. This rapid increase in cur-
rent can be understood in terms of a model intro-
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dE qn J
dx e9~ op. H~E

' (2)

since neglecting diffusion currents J = qp, nE = con-
stant. Now, Os is as given in Eq. (T6) except that
the electron temperature T, is used in place of
the lattice temperature. Thus,

duced by Frohlich" to explain dielectric break-
down. The invoking of this mechanism requires
that it successfu1. ly accounts for the electrical
breakdown observed at fields of approximately
2 x10' V/cm. "

In this model there are, in addition to the levels
located at 0.39 and 0.81 eV, numerous electron
traps distributed over a range hV below the con-
duction-band edge. A temperature T„different
from the lattice temperature T, can be assigned
to the electrons which, according to Frohlich, is
given by,

1/kT, = 1/A'T —(E/Es)' 1/4 V,

where E is the electric field and E~ the breakdown
field.

In the shallow-trap square-law region, Poisson's
equation can be written approximately as

Es =2 &&10' V/cm and EO=8.5 &10' V/cm
(6 V = -0.07 eV). The model correctly predicts
the deviation from the shallow-trap square-law
region and approximately reproduces the shape of
the volt-ampere characteristics at larger fields.
The steeply rising current with fields greater than
2 &&10' V/cm successfully predicts the eventual
breakdown of the device. The data points shown
at the largest currents (Fig. 6) correspond to those
taken immediately preceding breakdown.

VI. CONCLUSIONS

An analysis of the volt-ampere characteristics
of rf-sputtered GaN was made in terms of space-
charge-limited current flow. A plot of lnI vs 1/T
(V=constant) for each observed square-law region
yielded the respective energy levels for two sets
of discrete traps, while extrapolation of this con-
struction to 1/T =0 yielded the trap concentrations
which were found consistent with the various
transition voltages. In addition, the conductivity
mobility and equilibrium electron concentration

10

E =E IsV/( E)-
gi g (Z/Ep)

S 8

where

(3)

Hs =(N, /gN, ) e 's'

Using Eq. (3) for Hs in Eq. (2), assuming zero
cathode field and integrating, yields an equation
relating the current density to the field at the
anode Eg,

(J/J ) (4L2Es/9 Ps)[ e(sA/so) 1] (4)

where

~sea =
s ep6s 1 /I

The applied potential is also related to the anode
field through

dE
EdE

dx

which, with Eqs. (2) and (3), provides the relation

E.LI. 1-(E./E. )D( )]
-(Eg I Ep) 2

~ 10-3-

LLI

a:
K
D
V

10-4-

10

PREDICT

L=1.36 p

1 cg V

X

where x = E„/E, and D(x) = e * J e' dy which is
the Dawson integral. "

Equation (4) in combination with Eq. (6) deter-
mines J as a function of applied voltage V. A com-
parison of the results predicted by this model with

those experimentally observed are shown in Fig. 6.
The parameters employed in the calculations were

10-6 .

10o 101 102
VOLTAGE IV)

I

103

FIG. 6. Comparison of volt-ampere characteristics
experimentally observed (solid curve) with those calcu-
lated by employing the hot-electron effect with Ep = 8 5
&& 10 V/cm and E&= 2.0 & 10 Vjcm (dashed curve). Al

pad biased positive with respect to p ' Si substrate.
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were obtained. The rapid rising current with volt-
age at high fields was demonstrated not to be a
true space-charge-limited transition, but rather
due to a hot-electron effect, which successfully
predicted the eventual breakdown of the device.

Consideration of the equilibrium Fermi level
and calculated conductivity mobility indicated that
the traps are probably donors which are almost
totally compensated by acceptors, and partially,
at least, associate to form donor-acceptor pairs
and scatter carriers as dipoles. The effect of
post-heat treatments was to decrease mobility
and increase the concentration of shallow traps

(and consequently, compensating acceptor centers),
and are believed to be either a manifestation of
crystallographic imperfections or native point de-
fects.
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