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The Origins of Leaky Characteristics of
Schottky Diodes on p-GaN

L. S. Yu, L. Jia, D. Qiao, S. S. Lau, J. Li, J. Y. Lin, and H. X. Jiang

Abstract—The possible origins of leaky characteristics of paper, the origins of large leakage currents of Schottky contacts
Schottky barrier on p-GaN have been investigated. The as-grown on p-GaN was explored using sequential etching of surface re-

samples did not show any electrical activities using Hall measure- _

ments. Ni diodes made on as-activated samples, either at 95C gion a.nd temperature dependent curreni—volidg¥ €T) and

for 5 s or at 750°C for 5 min exhibited quasiohmic behavior. Upon capacitance-voltage/t-V’) m.easurements._ ) .

sequential etching of the sample to remove a surface layer of 150  Three types of concentration were mentioned in this study: 1)
A, 1200 A, and 5000 A from the sample, thd—V behavior became Mg dopant concentration, 2) acceptor concentratidn, and 3)
rectifying. I-V—T' measurements showed that the slopes of the hole concentration, p. Mg atoms introduced into GaN during the
InI-V" curves were independent of the temperature, indicative of \ocyD growth usually were passivated by the H atoms. This

a prominent component of carrier tunneling across the Schottky causes the Ma atoms to become inactive. renderina the as-arown
junction. C-V measurements at each etch-depth indicated a g ! g g

decreasing acceptor concentration from the surface. The highly P-GaN samples highly resistive. The total amount of Mg doped
doped (>1.7 x 10'° cm—2) and defective surface region (within into GaN can be measured by secondary ion mass spectroscopy,
the top 150 A from surface) rendered the as-activated Schottky SIMS. After annealing at temperatures higher thaf00 °C,
diodes quasiohmic in their -V characteristics. The leakyI-V'  ~artain amount of H atoms are released from the Mg-H com-

characteristics, often reported in the literature, was likely to be . .
originated from the surface layer, which gives rise to carrier plexes; Mg atoms, thus, become acceptdfs, which can pro-

tunneling across the Schottky barrier. This highly doped/defective Vide holes. However, the hole concentration depends not only
surface region, however, can play an important role in ohmic on the acceptor concentratiol,4, but also on the ionization

contact formation on p-GaN. energy,F 4, and the temperature. Due to the large ionization
Index Terms—Doping, p-GaN, Schottky barriers, surface, tun- energy of Mg ¢125-215 meV) [4], the hole concentration at
neling. room temperature is usually much smaller2(orders of mag-

nitude) than the acceptor concentration. Using the temperature
dependence of hole concentration measured by Hall effect, the
average acceptor concentration of the entire p-layer can be de-
P'TYPE GaN is an important semiconductor material fojuced.C—V measurement of Schottky diodes on p-GaN can
optical and electronic devices. Growth of p-GaN with sufprovide the acceptor concentration at the edge of the depletion
ficient hole concentrations has been difficult. Usua"y, hole COI]hyer; thus, the depth prof”e of the acceptor concentration can

centrations of about 10 cm~2 can be achieved by activatingpe obtained by sequential etching afiéV measurements.
the highly resistive as-grown samples doped with Mg at temper-

atures higher than 700C [1]-[5]. Due to the low hole concen-
trations (~10'7 cm—3) and the high barrier height of metals on II. EXPERIMENT

p-GaN [6] (>2.0eV), astrong rectifyingjL.Jn.ction is expectedfor \jg-doped GaN samples with a layer thickness-df.4 um
Schottky contacts on p-GaN. However, it is often observed th@{ a buffer layer of about 30 nm in thickness were grown on
Schottky contacts on activated p-GaN usually exhibitlegRy  (0p01) sapphire substrate using MOCVD. The Mg concentra-
characteristics, rendering the measurement of Schottky bargig, was estimated to be5 x 10*° cm—3 near the surface re-
heights difficult using/-1” and C-V methods [7]. As a re- gion and decreased to2 x 10'9 cm™* using secondary ion
sult, very limited information on the barrier heights and aGnass spectroscopy performed on calibration samples grown in
ceptor concentrations obtained by the conventidRdl and 4 similar fashion. The highly resistive as-grown samples were
¢~V methods are available in the open literature [8], [9]. In thigivided into two groups for activation. The first group was ac-
tivated at 950 °C for 5 s and the other group at 750C for
Manuscript received August 1, 2002. This work was supported by BMD& min, both in flowing nitrogen ambient. After activation, the
(Dr. 5- Wlé)gnoﬂito(f)eSle;é,t\lhs U-i- AF?YP%JEAC; g‘ﬁﬂ Sg‘?‘teélich%‘:/e”Sde CT‘;]@amples were characterized using the hot probe and Hall ef-
:23{;\,\’, 3? thisypta;)eer was arran;gdeé; ,fditor C.-P. Lee. (Dr. €. Wood). Theg ot measurements (Van der Pauw configuration). The top view
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Fig. 1. Configuration of Schottky diodes (a) top view and (b) cross section of

etched sample.
Fig. 2. Temperature dependence of hole concentration measured by Hall

. . effect. The line was fitted to (1) using, = 192 meV, N, = 1.3 x 10'°
and a thickness 0£600 A were made by e-gun evaporation 0Bm-: andN,, = 1.2 x 10% cm-2, A

the samples after ohmic contact formation. The current—voltage
(I-V), capacitance-voltage’t-V) and conductance-voltageyzjence hand density of states. The valudef was calculated
(G-V) characteristics were measured with an HP4155A SeMYsing the following equation:
conductor parameter analyzer and an HP 4284A LCR meter in
the parallel mode. Ny = 2(2rmkT)>? /h? 2)

The Schottky diodes electrical behaviors were investigated
repeatedly after sequential removal of the surface layer of th@ere the effective mass of holes;, was taken to be 2:2;"
samples using reactive ion etching, RIE, with 6%l as a gas andh the Plank constaniVy, was calculated to be 1.2 10%°
source. After each electrical measurement, the Ni Schottkgn ° at room temperature using (2). An acceptor concentration
contacts were first removed using HCI and HF, followed bgf 1.3 x 10 cm~? and a compensating donor concentration,
etching the GaN surface using RIE and the deposition of Nip, 1.2x 10'® cm™? were obtained by curve fitting the exper-
Schottky contacts on the etched surface. The etch depth wagntal results in the high temperature region shown in Fig. 2
measured with a profilometer (DEKTAK). The “hot probe'to (1). An acceptor ionization energy,,, of 192 meV was also
and -V behaviors showed that the sample remained p-typbtained by this curve fitting in agreement with reported results
after each etching step. Fig. 1(b) shows the schematic side vidly The compensation rati&'p /N 4 was found to be-0.092.
of the sample after etching. Ni Schottky diodes were maddis ratio was smaller, in general, than the reported values be-
in both etched and unetched portions of the sample. We udégen 0.1 and 0.58 [4], [14], suggesting that our p-GaN sam-
this structure to examine the possible surface leakage dueltes were of reasonably good quality. At the low temperature

processing, as explained in the following section. region the hole concentration deviated from (1), suggesting that
the transport was likely due to hopping or impurity-band con-
I1l. RESULTS AND DISCUSSION duction in hlghly doped semiconductors [2], [4]

A. Temperature Dependence of the Hole Concentration B. Schottky Barrier Behavior as a Function of Depth

Fig. 2 shows the dependence of the hole concentrationy Schottky diodes were made on p-GaN samples acti-
measured by Hall effect on the reciprocal of temperature fQgted both at 950°C for 5 s and at 750°C for 5 min. The
a sample activated at 750C for 5 min. Similar temperature cyrrent-voltage/—V, characteristics of the Schottky diodes
dependence of the hole concentration was also obtained gpoth types of as-activated samples were quasiohmic. This
samples activated at 950C for 5 s. This observation is in gpserved nearly lineaf-V behavior can be due to junction
agreement with the theoretical prediction based on a hydrogeBkage or surface lateral leakage or both. To examine the
release model, [11] in that these two activation processgfgin of the leaky -V behavior, electrical measurements
release similar amount of H from the sample and would lead @& re made on a specially designed sample structure. Fig. 1(b)
similar hole concentrations. Using a simple model with a singlé¢ows a schematic diagram of such a sample, where ohmic
acceptor level,E4, and a single compensating donor levegontacts were made on the unetched surface, Ni Schottky
Ep, the acceptor concentratiofV,4, and compensating donorgiodes were made on both the etched50 A removed) and
concentrationNp, as well ask4 can be extracted by fitting ynetched portions of the sample. Fig. 3 shows/tHé behavior

the experimental data to the following equation [4], [12]:  petween various contacts. It can be seen that/tHé curve
p(p+Np) _ Ny E4 was quasiohmic between ohmic contact D and Schottky contact
~ v =—exp|—7H (1) B, both on unetched surface, but separated by an etched area.
NA - ND —p g kT

The I-V curve between Schottky contact C (two rows of Ni
whereT’ is the temperaturé; the Boltzmann constanj,the ac- Schottky diode on the etched surface) and contact D (ohmic)
ceptor degeneracy factor (assumed to be 4)éndhe effective showed rectifying characteristics. This observation strongly
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Fig. 3. Comparison of current—voltage characteristics at room temperature 8
of Schottky diodes on unetched area between Schottky contact B and ohmic 1x10
contact D, separated by an etched area (curve 1), and diodes on the surface

with 150 A removed by RIE between the Schottky contact C and the ohmic

contact D (curve 2) (see Fig. 1). 1x10°

suggested that the quasiohmic behavior was primarily due to 0
junction leakage, and not a result of surface leakage shunting Voltage (V)
the Schottky diode.

The temperature dependence of the current—voltage behawi@y, 4. Current-voltage characteristics in semi-logarithm scale of Schottky
I-V-T, was investigated at etch-depths of 150 A, 1200 A, arfépdes at an etch-depth of 1200 A.
5000 A. Fig. 4 shows thé-V -1 characteristics for the diode
at an etch-depth of 1200 A. It can be seen thatlthEversus concentration alone [15]. According to (4a), the slope ¢
V curves had about five decades of linear region, and that igves is independent of temperature. The parallel shifis6f
curves measured at temperatures ranging betweeh4nd curves were due to the temperature-dependent pre-exponential
140 °C were parallel. Similar results were also observed dactor, B. Furthermore, the slope of the I versusl linear re-
samples etched to different depths, i.e., temperature indepgien yields the value of)y,. Based on the tunneling transport
dent slopes and deviation from linearity at higher voltage2 ( model and the experimental results, we dedutgglvalues of
V) due to series resistance. This parallel behavior is in markec20 eV, 0.11 eV, and 0.09 eV for samples etched to depths of
contrast to that predicted by the Schottky diode equation baskeD A, 1200 A, and 5000 A, respectively. Hog, values smaller

on the thermionic emission model [12] thankT', thel-V characteristics follow the thermionic emission
model. However, the experimental values igf, were much
I = AA*T?e= 990 /RT (aV/nkT _ 1) (3) largertharkT, suggesting the dominance of tunneling currents.

The acceptor/defect concentration within the top 150 A of the
whereggy is the barrier heighty the ideality factorA the device surface was much higher than that those measured at greater
area,A* the effective Richardson constant, aWidk, T have depths. The junction leakage of the unetched sample, therefore,
the usual meanings. The value df can be calculated usingappeared to correlate with a highly doped and/or highly defec-
A* = 4mqgm*k?/h3. The thermionic emission model (3) pre-ive surface layer, resulting in carrier transport by significant
dicts al/kT dependence of the linear region of thel versus tunneling across a thin surface layer.

V curves, in contrast to the parallel slopes oflihé~ V' curves,
shown in Fig. 4. This parallel behavior of the/-V curves is C. C-V Measurement as a Function of Depth

commonly observed for carrier transport with a dominant tunnel C— measurements were made on the diodes at each depth to
component [12], [15]. Itis more appropriate to analyzetR€  characterize the acceptor concentration. For a uniformly doped
characteristics using a tunneling model semiconductor /C? is linearly related td’ and is given by the
following equation [12]:

I ~ AA* Be= %0/ oo ,aV/Eoo (4a)

1 2V —kT/q—V
Foo = gt /(Nafmee,) /2 (4b) 6= e ©

whereN 4 is the acceptor concentratios, the dielectric con- whereV,; is the built-in potential. The acceptor concentration
stant of semiconductor} a parameter related to the temperaand the flat band voltage can be deduced from the slope and the
ture and the Fermi level in the semiconductor. The parametetercept of the 17’2 versusV plot, respectively. The equivalent
Eq is a characteristic energy related to the tunneling probeircuit of a Schottky diode is shown in Fig. 5(a), whérés the

bility. The value of £y, increases with the square root 8%y. true junction capacitancé; the junction conductance angthe

The defect-assisted tunneling across the barrier would lead tcsanies resistance. Using the parallel mode of@aV measure-

Ey value larger than that calculated by (4b) based on acceptoent set-up, the equivalent circuit is shown in Fig. 5(b), where
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TABLE |
SUMMARY OF RESULTS OBTAINED FROM IV, C'=V AND HALL EFFECTMEASUREMENTS

Etch-depth (A) 0 150 1200 5000
I-V curves Quasi-ohmic rectifying rectifying rectifying
Na (x10*° cm™ from 1.740.3 1.440.2 0.730.08
c-v)'

Eoo (eV, calculated by 0.018 0.017 0.012

eqn. 4b using N)
Eoo(eV, deduced from 0.20 0.11 0.09

V)

“The acceptor concentration was obtained from C-V measurement at each-etch step. Hall
effect measurement was also used to characterize the sample before etching. It was
found that Na~1.3x10" cm® Np~1.2x10'"® cm™ Ex~192 meV by curve fitting the
temperature dependence of the Hall results (Fig. 2) to equation (1). The hole

concentration was found to be 2.43x10"7 cm™ at room temperature.

_L l J_ | 1.2x10%' 1

C 1.0x10°"
Cm Gm
_ 8.0x10™
s e
S 6.0x10°1
(a) (®) L
O 4.0x107° 1
Fig. 5. Equivalent circuit of (a) Schottky diode and (b) the parallel mode of
C-V measurement. 2.0x10% 1
_ 0.0
C,, andG,, are the measured capacitance and conductance, re- -5 -4 -3 -2 -1 0
spectively. The following equations relate these quantities [16]: Voltage (V)
C Fig. 6. Typical capacitance and voltage characteristics of Schottky diodes at

Cm =

(6a) an etch-depth of 150 A (curve 1), 1200 A (curve 2), and 5000 A (curve 3). The
measurement frequency was 100 kHz.

(14 7rsG)2 + (2nfrsC)?
G +7r,G) +r,(2nfC)?
G = (14 7rsG)2 + (2n frsC)? (6b)

depths of 150 A, 1200 A, and 5000 A, respectively. These con-
centrations were the average values obtained from seven diodes
where f is the measurement frequency. For small values,of at each depth, and in reasonable agreement wittvthealue
and G (small leakage at reverse bias) and at low frequenciesncentration obtained by curve-fitting Hall effect results for
f, C = C,,. In our case here;; (~20 k2) and the leakage the entire p-GaN layer to (1) showed in Table I. It is well known
conductance~1-5 x 10~°Q ') were both rather significant. that RIE can cause surface damage during etching, thus creating
The junction capacitanc€;, as a function of voltage should besurface states and modifying the Schottky barrier height [17],
corrected using versus (6a) and (6b). The correCtedlversus [18]. The apparent barrier heights were extracted fiGsl/

V results for Schottky diodes at three different etch-depths areasurements, yielding values of 2.44 eV, 3.57 eV, and 2.53 eV
shown in Fig. 6. It can be seen that at a reverse bias ranging francurve, 1, 2, and 3 in Fig . 6, respectively. While these values
0to—5V the corrected’—2 ~ V relationships slightly curved were in general agreement with the expected barrier height 2.5
up. For large acceptor concentrations of about”1@m=—2 in eV of Ni/p-GaN, however, the barrier height may have been
the p-GaN, reverse biasing the diode from 06 V should modified by the processing dependent surface states [17], [18].
only increase the depletion width by 100-200 A (based on me@n the other hand, acceptor concentrations can still be deduced
surements off ~ ¢/C). For this reason, the acceptor conby C-V measurements at the edge of depletion region at re-
centration can be assumed to be rather constant within suchesse bias. For the case of Ni Schottky diodes on p-GaN with
small distance. Using the quasilinear part from 8-#bVwe ob- acceptor concentrations of around 1210 cm=3, the de-
tained an acceptor concentration of (H&731) x 10'° cm3, pletion width was estimated to be about 200 A, much larger
(1.44+0.21) x 10" cm™3 and (0.73:0.08) x 10" cm—3at than the penetration depth of the ions into the sample during
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our RIE condition, estimated to be20-50 A using the TRIM  [5] Q. Zhu, H. Nagai, Y. Kawaguchi, K. Hiramatu, and N. Sawaki, “Effect

2000 code simulation [19], [20] at a plasma potential of 180 V.

of thermal annealing on hole trap levels in Mg-doped GaN grown by
metalorganic vapor phase epitaxy,”Vac. Sci. Technglvol. A 18, pp.

The acceptor concentrations can, therefore, be extracted from 557 567 5000

C-V measurements with reasonable accuracy to a depth regiors)

Q. Z. Liu and S. S. Lau, “A review of the metal-GaN contact tech-

of ~200 to 400 A from the surface, with reverse bias ranging _ nology.” Solid-State Electronvol. 42, pp. 677-691, 1998.

between 0 and 5 V. RIE etching of the samples did not appeal[ ]

H. Ishikawa, S. Kobayashi, Y. Koide, S. Yamasaki, S. Nagai, J. Umezaki,
M. Koike, and M. Murakami, “Effects of surface treatments and metal

to affect the use of—V measurements for the determination work functions on electrical properties at p-GaN/metal interfacés,”
of acceptor concentrations. Based on the acceptor concentrz?é] Appl. Phys. vol. 81, pp. 1315-1322, 1997.

L. S. Yu, D. Qiao, L. Jia, S. S. Lau, Y. Qi, and K. M. Lau, “Study

tion obtained b)C—V measurements at each dep_ﬂ@‘) valges of Schottky barrier of Ni on p-GaN,Appl. Phys. Lett.vol. 79, pp.
of 0.018 eV, 0.017 eV, and 0.012 eV were obtained using (5).  4536-4538, 2001.
These values oF, based onV 4, obtained b),C—V measure- [9] K. Shiojima, T. Sugahara, and S. Sakai, “Large Schottky barriers for

ments, however, were 6 to 11 times smaller than those obtainggh;

Ni/p-GaN contacts,Appl. Phys. Lett.vol. 74, pp. 1936-1938, 1999.
D. Qiao, L. S. Yu, S. S. Lau, J. Y. Lin, H. X. Jiang, and T. E. Haynes,

from I-V-I" measurements, suggesting that fir& behavior “A study of the Au/Ni ohmic contact on p-GaNJ: Appl. Phys.vol. 88,
was significantly affected by the defect-assisted tunneling [15], = PP. 4196-4200, 2000.

These differences ity suggested that surface damage ma

11] S. M. Myers, A. F. Wright, G. A. Petersen, W. R. Wampler, C. H. Seager,
M. H. Crawford, and J. Han, “Diffusion, release, and uptake by hydrogen

have occurred due to RIE, which increased the carrier tunneling  in magnesium-doped gallium nitride: Theory and experimeht&ppl.
probability. The results obtained frof-V, I-V-T" and Hall Phys, vol. 89, pp. 3195-3202, 2001.

S. M. Sze,Physics of Semiconductor Devicend ed. New York:

effect are summarized in Table I. Both the high value of accepto[rlz] Wiley, 1981, pp. 249-264.

concentration obtained by tlie-V measurements, and the high [13]
value of Eyoobtained by/-V—-T" measurements in the surface
region strongly suggested that the leaky quasiohii be- [14]

J. S. Im, A. Moritz, F. Steuber, V. Harle, F. Scholz, and A. Hangleiter,
“Radiative carrier lifetime, momentum matrix element, and hole effec-
tive mass in GaN,Appl. Phys. Lett.vol. 70, pp. 631-633, 1997.

A. K. Rice and K. J. Malloy, “Microstructural contributions to hole trans-

havior of the Ni Schottky diodes on as-activated p-GaN layers  portin p-type GaN:Mg,"J. Appl. Phys.vol. 89, pp. 2816-2825, 2000.
is primarily due to a highly doped/defective surface layer. [15] L. S. Y, Q. Z. Liu, D. J. Qiao, S. S. Lau, and J. M. Redwing, “The

role of the tunneling component in the current-voltage characteristics
of metal-GaN Schottky diodes]: Appl. Phys.vol. 84, pp. 2099-2104,

IV. SUMMARY 1998. _ , , ,
[16] D. K. Schroder,Semiconductor Material and Device Characteriza-

The origins of the leaky characteristics of Schottky barrier ~ tion. New York: Wiley, 1990, p. 66.

on p-GaN grown by MOCVD were investigated. The as-grown{t’)

A. M. Cowley and S. M. Sze, “Surface states and barrier height of
metal-semiconductor systems,”Appl. Phys.vol. 36, pp. 3212-3220,

samples did not show any electrical activities using Hall mea-  1ggs.
surements. Ni Schottky diodes made on activated the p-GalM8] E. H. Rhoderick and R. H. Williams/letal-Semiconductor Contacts

layer showed quasiohmic behavior. Upon sequential etching (Hg]

2nd ed. Oxford, U.K.: Oxford, 1988, p. 151.
J. F. Ziegler, J. P. Biersack, and U. Littmaflhe Stopping and Range of

the sample to remove a layerofl50 A to 5000 A of GaN from lons in Solids New York: Pergamon, 1985.

the sample surface, the Schottky diodes became rectifying. TH0]
temperature dependence of thé/” curves suggested a trans-

S. Zhang, J. A. van den Berg, D. G. Armour, S. Whelan, R. D. Goldberg,
P. Bailey, and T. C. Q. Noakes, “Medium energy ion scattering analysis
of damage in silicon caused by ultra-low energy boron implantation at

port mechanism primarily due to tunneling of carriersto an etch gifterent substrate temperatures,”2000 Int. Conf. lon Implantation
depth of at least 5000 A from the surface. Capacitance—voltage Technology Pro¢ Alpbach, Austria, Sept. 2000, pp. 17-22.
measurements indicated an acceptor concentratignlof x

10" cm~=3 within the top~150 A from the surface and de-

creased te-7.3 x 10'® cm—3 to a depth 0~~5000 A. Based on

these experimental results, the ledkyy” characteristics, com-

L. S. Yu, photograph and biography not available at time of publication.

monly reported in the literature, was likely due to a highly doped
and/or highly defective surface layer, resulting in carrier trans-

port by tunneling across the Schottky barrier.
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