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Experimental study and modeling of the influence of screw dislocations
on the performance of Au /n-GaN Schottky diodes

Y. Huang, X. D. Chen, S. Fung,? C. D. Beling, and C. C. Ling
Department of Physics, The University of Hong Kong, Pokfulam Road, Hong Kong,
People’s Republic of China

(Received 21 April 2003; accepted 7 August 2D03

Current—voltagel(-V) characteristics of macroscopic Schottky diodes fabricated on different GaN
templates grown by metalogranic chemical vapor deposition on sapphire substrates were
investigated. The number of dislocations under the Au Schottky contact was determined by atomic
force microscopy combined with hot;RO, etching and the screw dislocations in the GaN films
were found to have a strong influence on the reverse leakage current of theGalM Schottky
diodes. The leakage current is increased when high-density screw dislocations exist under the Au
Schottky contact. A model based upon the presence of dislocations at the Au/GaN interface has been
used to explain this behavior. It has been proposed that these dislocations result in the lowering of
the barrier height in the localized regions, and thus significantly affect the reverse
characteristics of the Schottky diodes. ZB03 American Institute of Physics.
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INTRODUCTION age currenf? These observations, in general, indicate that a
more accurate picture of the reverse-bias leakage current de-
GaN has attracted considerable interest because of ifgendence on the GaN material quality is needed. In this ar-
potential applications including blue/ultraviolet light emit- ticle, the correlation between the current—voltage-\)
ting devices, ultraviolet detectots, field-effect transistor characteristics of Aui-GaN Schottky diodes fabricated on
(FETS, and bipolar transistors.® GaN is desirable for elec- GaN films with different crystal qualities and dislocation
tronic applications due to its high saturated electron velocidensities have been investigated. A model is proposed to ana-
ties of 2x 10’ cm/s, its wide band gap of 3.4 eV, its high lyze the reversd —V characteristics of diodes in which a
critical breakdown field of % 10° V/cm,® and also its stabil-  spatial variation of the Schottky barrier height is postulated
ity at high temperature. Schottky barriers are one of the fundue to localized screw dislocations in the GaN epilayer at the
damental building blocks for electronic devices. They areAu/GaN interface. This model also explains why the influ-
used in Schottky diode rectifiers when fast switching speedsnce of dislocations on the forwaid-VV characteristics is
are required. Schottky barriers are also used as the contrdund to be negligible except at very small bias. Atomic
electrode to modulate the channel current in FETs. An inforce microscopy(AFM) images taken after chemical etch-
creasing number of experiments have been recently carrigdg confirm the presence of screw dislocations under the
out to study the characteristics of GaN Schottky contactSchottky contact and in the GaN films.
using different metallizations, such as®mi,*° Pt*~3and
Au2*15These studies, in general, reveal that the reportegtXPERIMENTS
properties of GaN Schottky diodes for the same metallization , ,
show a large amount of variation. This variation is undoubt- The starting samples u;ed in the present work were un-
edly due to differences in the sample preparation and matddtentionally doped GaN films grown oc-plane sapphire
rial quality. For the case of GaN, however, because of thsubstrates by the metaloganic chemical vapor deposition

lack of native substrates, heteroepitaxial GaN film fabricatedMOCVD) method using ammonia (Nfjt and trimethylgal-
nowadays usually exhibits a high dislocation density““m (TMG). For the batch A material, the substrate was first

(10°= 1 cm™2).26 The device uniformity and reproducibil- heated to 1050 °C in a stream of hydrogen. The GaN layer

ity, especially the reverse leakage current of GaN-based d¥as grown at 1030 °C with-300-A-thick low-temperature
vices, are strongly influenced by the dislocations in the GaN®20 °O GaN unintentionally doped buffer layer. For the
film,”-2L and more importantly, the reverse-bias leakage idatch B material, the substrate was first heatedzqulmblent

not sensitive to the barrier height measured at forward bia&t 1050 °C and was then exposed to an ammonia flow of 3
for n-GaN Schottky diode¥ It is known that this undesired /Min for 100 s. The temperature was then increased to
reverse-bias leakage current remains an obstacle for mari?80 °C for the growth of a mm-thick GaN layer. During

electronic applications since it may limit the current—voltagelN® deposition, the typical mole ratio of Nind TMG was

handling capability of these devices and increase power con’/!ll ~2500. Samples, belonging to different growth batches

sumption. It has also been reported that the noise perfof® @nd B, were cut into square Van der Pauw geomédry

mance in GaN-based FET devices is degraded by large leaRM<8 mm) for Hall measurement. The GaN samples were
first degreased in acetone and methanol in an ultrasonic

cleaner. They were put into a boiling mixture solution of
dElectronic mail: sfung@hkucc.hku.hk HCI:H,O (1:1) andthen were rinsed with deionized water.
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TABLE I. Hall data and etching pit densifePD) of batch A and B materials. Barrier height, ideality factor,
and reverse-bias current density-a2 V for Schottky diodesd;), (a,) and (,), (b,) fabricated on batch A
and batch B materials are also listed.

Reverse-bias
current density

Carrier concentration Hall mobility Barrier height at—-2V EPD
Material (cm™3) (cm?IV's) (eV) Ideality factor (Alcm?) (cm™?)
A 3.2x 10" 278 a;: 0.913 1.30 1.83510°7 4% 10°
a,: 0.908 1.33 3.81910°8
B 3.0x 10" 102 b,: 0.910 1.41 1.87410 4 8.5x1C°
b,: 0.912 1.35 1.25810°°

Any oxide layer present was removed by putting the sampleamong the other diodes in the same batch. As seen from Fig.

into dilute HF solution. They were then rinsed in deionizedl, all theJ—V curves exhibit a good rectifying property.

water before loading into the evaporation chamber. Ohmic  Using the thermionic emissiofTE) modef with values

contacts were formed by thermally evaporated indi@d0  of the effective Richardson constaAt =24 A/cn? K2 and

A) followed by 4 min of 350 °C annealing in a high-purity m* =0.20m,,%* the barrier heighitg and the ideality factor

N, ambient. Room-temperature Hall measurements wera of the Schottky diodes were determined by fitting the equa-

then carried out in darkness in a magnetic field of 0.5 T usindion

a BIO-RAD HL5580 Hall effect system. Schottky diodes Vv

were fabricated by thermally evaporating géi) film onto J=A*T? exp( — q;% ex;{ q_) , (1)

the samples in vacuum. The diameter of the Au spot was 400 kT nkT

um. The fabrication process of all the Schottky diodes waso the forwardJ—V characteristicsg, k, and T taking their

kept exactly the same. Thé-V characteristics of the conventional meanings. Equatiofil) is valid for V

Schottky diodes fabricated on the samples obtained from the-3kT/q. As seen from Table I, the fitted values ¢f for

two batches of materials.e., A and B were measured by a Schottky diodes,, a,, b;, andb, are essentially the same,

HP4155A  semiconductor parameter analyzer. Thell lying in the range 0.908—0.913 eV. The barrier height for

capacitance—voltageC(-V) properties of the diodes were the same Schottky diodes was measuredChyV at a fre-

also measured by the HP 4155A semiconductor parametgfuency of 1 MHz, and the obtained value 0.92 eV is in

analyzer used in conjunction with a Boonton 72B capaci-agreement with that obtained frods-V analysis. The ideal-

tance meter. ity factor for the diodes is found to lie in the range between
After the | -V measurements, the samples were soaked

in acid solution to remove the metal contacts. These samples

were then etched in PO, at 160 °C for 30 min to reveal the 10"

dislocation density. The surface morphology was subse-

guently analyzed using a Digital Instrument Il atomic force

microscope. During the measurements, it was ensured that

the AFM images were taken at the same position where the

Au metal overlayer originally existed.
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RESULTS AND DISCUSSION

The room-temperature Hall data of the samples from
batch A and B materials are listed in Table I. It is noticed that
the averaged electron concentration of the batch A sample is
3.2x10cm™3, which is about the same as the value of
3.0x 10" cm™ 2 for the sample from batch B. The mobility of [
the batch A sample is 278 @V s, which is about two times F J theory Y
larger than that of the batch B sample having mobility of E . Baa sty
about 102 crf'IV S. 10'" S T SR SO SR T

I -V measurements were conducted for the ten Schottky 20 15 -10 -05 00 05 1.0
diodes fabricated from batch A and B GaN materials. The Voltage (V)
current density versus voltagd<V) curves of four of the
Schottky diodegnamely @) and (@,) from batch A and FIG. 1. Current density|d|) vs bias voltage ¥) measured from macro-

. . scopic size Schottky diodes. Diodes of curvas)(and (a,) are fabricated
(bl) and (o) from batch B are shown !n Fig. 1. These fOl.,lI’ on the batch A materials. Diodes of curvés ) and (b,) are fabricated on
diodes are chosen such that each pair of them, respectivelye patch B materials. Theoretical reverse current dengityheony) is also

have the lowest and the highest reverse-bias leakage currestiown.
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1.33 and 1.43. The barrier heights of Schottky diodes in this ]
study are in agreement with previous reported val@e80— 2f = Zf0.0001 .
1.1 e\) for Au/n-GaN contact$® In Fig. 1, the theoretically 10 ] —A— 2:0'0005
calculated reverse leakage current densitiég @s given p —8— Z=0.001 o
by?® —_ F —— Z=0.005
NE 10_4 E —h— Z=0.01 4 4
—0(pg—Adp) 3] f —e—2=0.05 »
— 2 4
Js=A*T ex% T , (2 3 r /0
£ E ¢ e
based on the valugg=0.92 eV (as obtained byC-V) and % 10°1 */‘
an image force reduction in barrier heightpg due to the 'g [ *
electrical field across the Au/GaN interfacé%f -3 [ / . /
1 q |* dy /114 10°° i /;/
- f
= P BLCAC € - /;_ /"
!. )
whereVg, is the applied reverse bias ah, is the semicon- o i
. . 1 u 1 . " 1 i 1 1
ductor doping density. . . O 91 0z 03 04 05 06
Figure 1 shows the theoretically calculated reverse-bias
current density Js theory) to be several orders of magnitude 54’3 (eV)

lower than the experimentally measured leakage for diodes
fabricated on both batch A and B material. The reverse curE!G: 2. Simulated leakage current densliy,aionof the Au/GaN Schottky
. diode as a function of parameteZsand ¢

rent density also shows a strong dependence on the reverse
voltage. Such a dependence is much stronger than the well-
known weak voltage dependence of reverse current in TE
transport due to the field dependence of the barrier héfght. the value obtained b -V measuremehtand the summa-
The same phenomenon has also been reported by Hasegatian of all the low Schottky barrier heightt. SBH) regions
et al. in the study of Nih-GaN and P#h-GaN Schottky associated with dislocations. The ratio of the area of the
contacts’’ Furthermore, the measured reverse-bias currentSBH region to the total diode area is defined by the param-
density is seen to strongly depend on the nature of the maeter Z. In the first approximation these two regions can be
terial on which the Schottky diodes are fabricated. It is ob-regarded as two Schottky diodes connected in parallel. The
served that diodes fabricated on the batch B material alwayttal reverse-bias saturation current density of the Schottky
have larger values of reverse-bias leakage current than thosentact is then given 5%
on batch A(refer to Table | and Fig. )1 L H

The present understanding of the mechanism of reverse- Js=JsZ+Js(1-2), @
biased current flow is rather limited. Shiojinet al. sug- wherng anng' are the saturation current densities through
gested that the maximum electrical fielH () at the metal/ the LSBH and HSBH regions, respectively. The difference in
semiconductor interface determined the reverse-biasetthe LSBH (¢,) and HSBH (@y) is defined asd¢g .
current levef® Hasegawaet al, reporting onl—V—-T mea- For a realistic Au/GaN Schottky diode, the saturation
surements, suggested that the reverse-bias current could berrent density can be modeled by Edg). The saturation
explained by the thermionic-field emission modleln the  current density of an ideal defect-free diode can always be
study of Au contacts on MOCVD-grown-GaN it has also calculated using Eq4) with Z=0. The simulated saturation
been reported that reverse currents were spatially highly noreurrent densityJgimaion fOr @ diode with ¢pg of 0.92 eV
uniform and that dislocations with a screw component werdmeasured by°—V) as a function 0S¢z andZ is shown in
accompanied by high current density and low effective barFig. 2. From Fig. 2, it can be seen that for a given tempera-
rier height?® It is to be expected that morphological and ture andZ, JgimyaionStrongly increases witdeg , even for a
crystallographic defects of the GaN epilayers would give risesmall Z such as 0.001. Figure 2 also shows a strong depen-
to degradation of the performance of metal/GaN contactslence oflgmuaionON the area rati@ for a givend¢g . Using
since such defects may introduce lateral variations of thehis analytical model, the influence of dislocations at the Au/
interface electric properties. Here, we follow the lead of Bra-GaN interface on the reverse-V characteristics through
zel et al® in setting up a model that tentatively takes the parametersZ and 8¢ are clearly illustrated. In fact, for a
increased conduction around screw dislocations to be thdiode with larged¢g, most of the reverse leakage current
main reason for the observed current flow. The high reverséiows through the defective region and the contribution from
leakage current experimentally observed in Au/GaNthe HSBH region is minimal. Moreover, the barrier height of
Schottky diodes in the present study is thus modeled on the LSBH region need only be-0.2 eV lower than the
Schottky barrier height lowering in localized lateral defectedHSBH in order to explain our results.
(dislocation regions of the contact. Two regions of the In order to further investigate the reverse-bias leakage
metal/GaN interface were identified: the high Schottky barcurrent of the Schottky diodes in the present study, AFM
rier height(HSBH) region arising from the defect-free Au/ combined with wet chemical etching were employed to ob-
GaN interface(where the barrier height is assumed equal toserve the dislocations in the samples. After ith&® measure-
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electron microscopyTEM) inspection of etch pits produced
by wet chemical etching revealed nanometer-sized hexagonal
pits that neither formed at the full-core screw threading dis-
locations nor at edge dislocations. These etch pits were being
formed at nanopipesi.e., open-core screw dislocations
Elsneret al3* have estimated that values of the line energies
of full-core screw dislocation, open-core screw dislocation
(i.e., dislocation with the nanopip®, and edge dislocation
to be 7.8%10 % 7.29<10 4 and 3.5K10 “ergcm 1,
respectively. Thus, it shows that the screw dislocations with
. nanopipes are preferentially etched because of their high line
FIG. 3. AFM topography imagél umx1 um) of GaN etched by EPO, at . .
160 °C for 30 min.(a) Topography image for sample Ab) Topography ~ ENeETgY. It should be noted that the size of the etch pits does
image for sample B. not correspond to the original size of the nanopipes. The
nanopipes also have a hexagonal shape With1Q facets

with sizes ranging from 2 to 50 nfi.It is thus plausible to

ments, the metal contacts of the diodes were removei}l USiNGnclude that the hexagonal-shaped etch pits in the present
acid. The samples were then etched in hgP8, at 160°C  samples originate from the screw dislocations with nan-
for 30 min. AFM images were taken at the same positions aBpipes at their center.

which the Au Schottky contact was originally located so as = "krom Figs. 3 and 4, the hexagonal etch pit densities, and
to observe the etching pits of the dislocations under the Ayy, s the density of nanopipéelated to screw dislocations

contact in the GaN f|Im. AFM topography imagesumx1 = nder the Au Schottky contact, of batch B is higher than that
pm area of etched diodes fabricated from batch A and B ¢ the patch A material. Previous studies have shown that the
materials are shown in Fig. 3 and those of tmx4 um)  gerey and mixed dislocations, being more effective recom-

images are shown in Fig. 4. In Elg. 3, the hexagonal etch pitg; ~+ion centers, are more electrically active than the edge
are clearly observed. The AFM images were taken at severgt | .ationl937.38 Using scanning current—voltage micros-

different positions and the averaged density of the hexagongl, ‘s et 2119 gave direct evidence that reverse bias leak-
etch pl_ts[etchmg pit densityEPD)] was calculated from age current of a GaN Schottky diode occurs primarily at
these images. The EPD under the Au electrode of th(Eiiszlocations: with the screw component. Shiojigtaal *° car-

samples fabricated from the two batches of materials Werg,y ot/ _v measurements on Au/Ni‘GaN Schottky con-

counted from AFM images and it was found that the Aveliacts using atomic force microscopy with a conductive probe

aged EPD of the batch B material is about twice that of the - :
batch A material. The EPD values are list in Table I. and found that pure edge dislocations do not affect té,

Itis Kk that the sh f the etch it I but that pure screw dislocations and nanopipes could act as
IS known that the shape of the €tch pris are we Cor'Ieakage paths at the interface. Based on these results and the
related with the types of defects. However, it is not the cas

. xperimental data of the present study, we can conclude that
that all types of defects would show up as etch pits. I:Orthe large reverse-bias leakage current of diodes fabricated

¥rom the batch B material is possibly related to the higher
density of the hexagonal etch pite., screw dislocations
with nanopipes at their centerg\ very similar phenomenon
was also reported by Shiojimet al*® in the study of Ni
Schottky contacts formed on various crystal quatifGaN

the screw dislocatiofwith Burgers vectors type), the edge
dislocation(with Burgers vectors typa), and the mixed dis-
locations (with Burgers vectors type+a).3! In a similar

study of etch pits in MOCVD-growti0001) GaN etched by

32 - i
H3PO,, Honget al.™ found that the edge threading disloca films. The difference in dislocation density of their GaN film

tion did not form etch pits. It was concluded that the ob- -
served etch pits originated from nanopipes having abnormal &> about double, but the-V characteristics were com-
letely different with the contacts on high dislocation density

s_traln contrast and that these were related to screw d_|sloc . showing more Ohmic-likd —V. The higher density of
tions. In another study of Hongt al, careful transmission

the electrically active screw dislocations at the Au/GaN in-
terface of the diodes made on the batch B material would
indicate larger values af and 8¢5, and thus larger reverse-
bias leakage current density for these diodes according to the
simulation results shown in Fig. 2. This result is consistent
with the Hall data. The measured room-temperature Hall mo-
bility of the batch B material is two times lower than that of
the batch A material. If we assume that the scattering from
the threading edge dislocations are the same for batch A and
B materials, then the scattering from electrically active screw
dislocations in batch B is much more prominent than that in
batch A material, thus causing the lower mobility of the

, batch B material.
Eels?)'é gf“g(ﬁﬁ’ﬁ,?f(;p*}{,'F',‘;g?f;#y”}ﬁ‘;gemﬁo?fSii]“plee%dﬁ)yp'gzg‘pah‘y The influence of screw dislocations on the forwareV
image for sample B. characteristics was not so prominent when compared with
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