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JOURNAL OF APPLIED PHYSICS VOLUME 95, NUMBER 4 15 FEBRUARY 2004
AlGaN ÕGaN current aperture vertical electron transistors
with regrown channels

Ilan Ben-Yaacov,a) Yee-Kwang Seck, and Umesh K. Mishra
Department of Electrical Engineering, University of California, Santa Barbara, California 93106

Steven P. DenBaars
Materials Department, University of California, Santa Barbara, California 93106

~Received 7 October 2003; accepted 24 November 2003!

AlGaN/GaN current aperture vertical electron transistors with regrown aperture and source regions
have been fabricated and tested. A 2mm thick GaN:Si drain region followed by a 0.4mm GaN:Mg
current-blocking layer were grown by metalorganic chemical vapor deposition on ac-plane sapphire
substrate. Channel apertures were etched, and a maskless regrowth was performed to grow
unintentionally doped GaN inside the aperture as well as above the insulating layer, and to add an
AlGaN cap layer. Cl2 reactive ion etching was used to pattern the device mesa, and source, drain,
and gate metals were then deposited. Devices were achieved with a maximum source-drain current
of 750 mA/mm, an extrinsic transconductance of 120 mS/mm, and a 2-terminal gate breakdown of
65 V while exhibiting almost no DC-RF dispersion for 80ms pulsedI –V curves. The suppression
of DC-RF dispersion was shown to result from the absence of the large electric fields at the surface
on the drain-side edge of the gate that are present in high electron mobility transistors. Parasitic
leakage currents, which were present in all devices, have been studied in detail. Three leakage paths
have been identified, and methods to eliminate them are discussed. ©2004 American Institute of
Physics. @DOI: 10.1063/1.1641520#
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I. INTRODUCTION

During the past few years, enormous progress has b
made in the development of III-nitride semiconductor ma
rials for high voltage, high power, and high temperature el
tronics applications.1–3 High breakdown field strength in
GaN ~2 MV/cm4! permits very high voltages to be sustain
during operation of these devices. In high electron mobi
transistors~HEMTs!, breakdown results from an avalanch
process that usually occurs near the gate edge on the
side,5 where accumulation of charge at high gate-drain vo
ages results in large localized electric fields. Achieving
high breakdown voltage in a HEMT requires decreasing
electric field at the surface of the channel at the drain edg
the gate. In GaN HEMTs, this has been accomplished
Zhanget al. with the employment of an insulated gate stru
ture, and source-drain breakdown voltages of over 1 kV h
been achieved.6 Another promising approach to achievin
bulk breakdown limits in nitride-based electronic devices
to employ a current aperture vertical electron transis
~CAVET! structure.

A CAVET is similar to a double-diffused metal-oxid
semiconductor~DMOS! structure,7,8 as illustrated in Fig. 1.
A CAVET consists of a source region separated from a dr
region by an insulating layer containing a narrow apert
that is filled with conducting material. The source region
comprised of a two-dimensional electron gas~2DEG! formed
in the GaN near the AlGaN/GaN heterointerface, while
drain region consists ofn-type GaN. A device mesa i

a!Author to whom correspondence should be addressed; electronic
ilan@engineering.ucsb.edu
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formed by reactive ion etching~RIE!, and source contacts ar
deposited on either side of the aperture. The drain m
contacts then-doped region below the aperture. Electro
flow from the source contacts along the 2DEG, then throu
the aperture into then-type GaN and are collected at th
drain. The conductivity of the material inside the aperture
well as in the drain region must be much larger than tha
the 2DEG so that the total current passing through the de
is determined by the conductivity of the 2DEG. Simult
neously, the conductivity of the 2DEG must be much high
than that of the adjacent bulk GaN directly below the 2DE
to ensure current flow through the 2DEG rather than throu
the bulk GaN. A Schottky gate, located directly above t
aperture, is used to modulate the charge in the 2DE
thereby controlling how much current passes through the
erture and is collected at the drain.

In a CAVET, because the virtual drain~or the pinched
off region! is located underneath the gate, charge does
accumulate at the gate edge, so no large fields near the
edge are present. Instead, our simulations show that the
field region in a CAVET is buried in the bulk below the ga
metal. The CAVET, therefore, has the potential to supp
very large source-drain voltages, since surface related br
down is eliminated. Additionally, surface related instabiliti
such as DC-RF dispersion are mitigated.

II. DEVICE FABRICATION

Device layer structures were grown by metalorga
chemical vapor deposition~MOCVD! on ac-plane sapphire
substrate. The epitaxial growth began with a 2mm n-type~Si
doped! GaN drain layer, followed by a 0.4mm insulating
il:
3 © 2004 American Institute of Physics
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~Mg-doped! GaN layer@see Fig. 2~a!#. Next, channel aper
tures were etched through the insulating GaN by Cl2 reactive
ion etching~RIE!, as illustrated in Fig. 2~b!. Aperture widths
(Lap) ranged from 0.6 to 3mm, and gate overlap length
(Lgo) ranged from 0.3 to 5mm. Alignment marks on each
die were then covered by sputtering AlN so that the ma
would be visible following regrowth. The wafer was the
placed back into the MOCVD chamber and a maskless
growth was performed. 1700–2500 Å of unintentiona
doped~UID! GaN was grown, followed by a 250 Å AlGaN
cap, resulting in the structure shown in Fig. 2~c!. Interrupted
growth studies indicated that the aperture partially filled w
GaN while the sample was heated during the regrowth p
cess as a result of mass transport of material from the sur
into the aperture.9,10 The surface directly above the apertur
did not entirely planarize during the regrowth; a small d
pression could still be observed, as illustrated in Fig. 2~c!.
Material inside and above the aperture region, therefore,
not grown on thec-plane, but rather on an inclined or vert
cal facet. A two-dimensional electron gas~2DEG! is present
in the GaN near the AlGaN/GaN heterointerface, enabl
the formation of ohmic source contacts and providing
charge that is collected at the drain.

Next, a device mesa for the source and gate region
formed with Cl2 RIE. Ti/Al/Ni/Au ~200/1500/375/500 Å!
were then evaporated and annealed at 870 °C for 30
form ohmic source and drain contacts. The source metal c
tacts the 2DEG near the AlGaN/GaN heterointerface, wh
the drain metal contacts the Si-doped GaN layer at the b
of the structure. Finally, Ni–Au~300/3500 Å! was evapo-
rated for a gate metallization, resulting in the device illu
trated in Fig. 2~c!. None of the devices contained any kind
surface passivation layer.

FIG. 1. Schematic diagram of~a! GaN-based Current Aperture Vertica
Electron Transistor~CAVET! and ~b! DMOS structure.
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III. RESULTS AND DISCUSSION

A. Electrical characterization

A Tektronix 370A programmable curve tracer was us
to perform the electrical characterization of these devic
The dc I ds–Vds characteristics of a CAVET with a 2mm
wide aperture and a 1mm gate overlap are illustrated in Fig
3. This device had a maximum source-drain current (I max) of
750 mA/mm and an extrinsic transconductance (gm) of
;120 mS/mm at I ds;650 mA/mm and Vds;7 V. The
pinch-off voltage Vp of this device was26 V, and the
2-terminal breakdown voltage was;65 V. Relatively large
parasitic leakage currents, which are evident in Fig. 3, p
vented a meaningful measure of the 3-terminal breakdo
voltage. A comparison of the DC device characteristics
those where the gate was pulsed from pinchoff to their fi
value reveals that these devices exhibit negligible dispers
for an 80ms pulse width. Device DC electronic character
tics were found to be independent of the aperture len
(Lap) for aperture lengths ranging from 0.8 to 2mm, indi-
cating that the maximum currentI max in these devices is
determined by the available charge in the 2DEG and not

FIG. 2. Schematic diagrams of~a! initial layer structure for CAVET,~b!
aperture etch, and~c! completed device.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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the conductivity of the aperture region. The current in so
devices which had an aperture length smaller than 0.8mm
was lower than those with larger apertures, indicating t
the current in these devices was being limited by the cond
tivity of the aperture. It should be noted that the curre
densities (I ds) and transconductances (gm) reported here are
per source pad, so that a meaningful comparison to HEM
can be made.

B. DC-RF dispersion

In AlGaN/GaN HEMTs, DC-RF dispersion has been
tributed to the charging of surface traps at the AlGaN surf
in the gate-drain access region,2,3 as illustrated in Fig. 4~a!.
When the device is under bias, large electric fields
present at the drain-side edge of the gate, which cause
surface states to fill with electrons until the surface is
proximately at the same potential as the gate. When a
signal is then applied to the gate, the surface states do
respond as quickly as the metallic gate, so the potential a
surface is not able to vary as quickly as the applied rf sign
resulting in the DC-RF dispersion that is commonly o
served.

In a CAVET, the drain region is located beneath the ga
As a result, when the device is under bias, the high fi
region is buried in the bulk rather than at the surface,
indicated by our simulations in Fig. 4~b!. The electric field at
the surface, which results from the small potential differen
between the gate and the source, is relatively small, so
surface states should not fill up with electrons and DC-
dispersion should be mitigated. TheI –V characteristics
shown in Fig. 3 support this hypothesis; the device sho
negligible dispersion for 80ms pulses.

In order to further verify this surface-state model f
dispersion, the three structures illustrated in Fig. 5 were f
ricated on the same material and then tested. TheI –V curves
of each of these devices for DC and pulsed conditions
shown in Fig. 6. The device in Fig. 5~a! is similar to a stan-

FIG. 3. I ds–Vds characteristics of a CAVET with a regrown channel. Cu
rent densities reported here are normalized to the total source w
(Wsource52* Wgate, since there are 2 sources, each with the same width
the gate!.
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dard CAVET. The gate metal extends all the way across
aperture, so the current does not flow underneath the sur
on the drain-side of the gate. The only portion of the AlGa
surface that could affect the charge in the channel is
region between the source and the gate. Because the ele
field in this region is small, the surface states there sho
not fill up with electrons, so we expect to see no dispers
in this device. We can see from Fig. 6~a! that this is indeed
what occurs.

In the device shown in Fig. 5~b!, the gate only extends
part way across the aperture. This brings the surface on
drain-side edge of the gate closer to the path of current fl
depicted by the arrows in Fig. 5, which we now refer to
the channel. Occupied surface states in this region could
tentially modulate the channel, although because the cha
does not run directly under this region, we would expect
effect to be relatively small. Indeed, we see in theI –V
curves in Fig. 6~b! that a small amount of dispersion
present in this device.

The device illustrated in Fig. 5~c! is similar to a HEMT.
In this device, the gate is completely offset from the apertu
Current passes directly underneath the AlGaN surface on
drain-side of the gate, so any changes in the potential at
surface will directly affect the amount of charge in the cha
nel. We can see in Fig. 6~c! that this indeed results in a
device with very high dispersion.

C. Parasitic leakage currents

Unfortunately, all AlGaN/GaN CAVETs with regrown
aperture and source regions fabricated to date have exhib
relatively large parasitic leakage currents, often compris

th
s

FIG. 4. ~a! Schematic diagram of where the high field region occurs in
GaN-based HEMT.~b! Simulation cross section of an AlGaN/GaN CAVET
illustrating constant voltage contour lines and indicating where the high
fields occur. In a HEMT, the high surface fields cause AlGaN surface st
to fill, resulting in DC-RF dispersion. In a CAVET, because the fields at
surface are small, surface states remain unoccupied.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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as much as 15% of the total current. These leakage curr
resulted in devices that do not pinch off, and they have p
vented a meaningful measure of device 3-terminal bre
down voltages, making it impossible to determine whet
the large predicted breakdown voltages for a CAVET can
realized. The entire current observed at pinch-off (Vg

526 V) in Fig. 3 consists of leakage currents. In a CAVE
the total leakage current is comprised of three eleme
Electrons from the source passing directly through the in
lating layer, electrons from the source traveling through
aperture but underneath the 2DEG so that they are not m
lated by the gate, and electrons traveling from gate to dr
A schematic diagram of these leakage paths is illustrate
Fig. 7.

In order to study leakage currents in CAVETs, it is im
portant to determine how much each of the three compon
illustrated in Fig. 7 contribute to the total leakage curre
Gate leakage can be measured independently by simply
forming a 2-terminal gate-drainI –V measurement. Sourc
leakage through the insulating layer can be approxima
measured by performing a 2-terminal source-drainI –V mea-
surement on a device that contains no aperture. Any rem

FIG. 5. Three CAVET structures fabricated in order to verify the surfa
state model for DC-RF dispersion.~a! Gate completely covers the apertur
drain-side edge of gate is far from the current path.~b! Gate partially covers
the aperture, drain-side edge of gate is near the current path.~c! Gate offset
from aperture, current passes directly underneath drain-side edge of the
Downloaded 01 Mar 2005 to 128.111.239.165. Redistribution subject to A
nts
-

k-
r
e

,
s:
-

e
u-

n.
in

ts
.
er-

ly

in-

-

ate.

FIG. 6. MeasuredI –V characteristics for the devices illustrated in Fig.
~a! The device in Fig. 5~a! exhibits negligible DC-RF dispersion.~b! The
device in Fig. 5~b! shows a little dispersion.~c! The device in Fig. 5~c!
shows very high dispersion.

FIG. 7. Schematic of leakage paths in a CAVET~light arrows represent
leakage paths!.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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ing leakage that is not accounted for by these two com
nents must therefore result from electrons traveling thro
the aperture but underneath the 2DEG.

By performing the above measurements, all three le
age paths were shown to exist for the device withI –V char-
acteristics illustrated in Fig. 3. Subsequent studies were
formed to determine what was causing each of the leak
paths to exist and how they could be eliminated.

1. Source leakage through the insulating layer

Interrupted growth studies confirmed that source leak
through the insulating layer resulted from pits formed on
surface at the onset of regrowth, as the sample was heat
growth temperature. A minimum regrowth temperature
1160 °C was required in order for the region above the
erture to planarize. However, if the sample was heated to
temperature in 6 standard liters per minute~slpm! of NH3

and 6 slpm of H2 or N2 at atmospheric pressure witho
injecting any trimethylgallium~TMGa!, as is our standard
procedure, then pits formed at the surface, as seen in Fi
All devices for which the regrowth was performed und
conditions leading to pits exhibited large leakage curre
through the insulating layer. Eliminating this leakage pa
required reducing the reactor pressure, reducing the am
of hydrogen present in the reactor by growing in N2 and
reducing the NH3 flow, and introducing a small flow o
TMGa into the reactor prior to reaching growth temperatu
Reducing the temperature also kept the pits from formi
however, for temperatures less than 1160 °C, the mate
above the aperture did not always planarize, in which c
gate leakage was much more severe. In order to ensure
pits did not form during regrowth, subsequent devices w
heated to regrowth temperature in 3 slpm of NH3 and 9 slpm
of N2 at a pressure of 300 Torr. Additionally, a small amou
of TMGa was injected into the reactor while the temperat
was ramped from 1050 to 1160 °C. All devices for which t
regrowth was performed under optimized conditions exh
ited negligible leakage through the insulating layer.

FIG. 8. Optical photograph of surface after it is heated to regrowth temp
ture and then immediately cooled back down. Pits and surface roughe
can be observed. The straight line indicated in the middle is a 75mm-long
aperture.
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2. Source leakage underneath the 2DEG

It was stated earlier that the conductivity of the 2DE
needs to be much higher than that of the adjacent bulk G
directly below the 2DEG to ensure current flow through t
2DEG rather than through the bulk GaN. Source leaka
underneath the 2DEG occurred when these conditions w
not met. Leakage through this path was reduced by keep
the UID layer as thin as possible, insuring that it was fu
depleted all the way up to the 2DEG. For UID layers wi
thickness<1700 Å, no leakage through this path was o
served for drain voltages of up to;50 V, which was the
breakdown voltage of those devices. It is possible that
devices with larger breakdown voltages, leakage through
path may be observed at higher drain voltages. In addition
the UID layer is too thin, the region above the aperture d
not always planarize, and so gate leakage becomes mor
vere.

3. Gate leakage

As stated earlier, material inside as well as above
aperture region was not grown on thec-plane, but rather on
an inclined or vertical facet. Other studies have found e
dence that GaN which is grown on facets other than
~0001! plane tends to incorporate larger concentrations
n-type impurities.11,12We, therefore, believe that the materi
directly beneath the gate is highlyn-type, resulting in a leaky
gate Schottky barrier@see Fig. 9~a!#. Because the peak elec
tric field in a CAVET is located directly beneath the gate, th
n-type doping causes an increase in the peak field, wh
limits the breakdown voltage in these devices. Although i
possible that gate leakage results from the enhanced ele
fields due to the indentation in the surface underneath
gate, our hypothesis is supported by the fact that in test st
tures where the gate is offset from the aperture, gate leak

a-
ng

FIG. 9. ~a! Schematic of CAVET. Shaded region is unintentionally dop
highly n-type during regrowth.~b! Test structure with a gate that is offse
from the aperture.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp
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is eliminated while breakdown voltage remains the same@see
test structure in Fig. 9~b!#. If gate leakage had resulted from
the enhanced fields caused by the indentation in surface
increase in the breakdown voltage would be expected w
the gate was offset from the aperture.

In order to eliminate gate leakage, we attempted to fi
growth conditions that would cause the surface to comple
planarize almost immediately during regrowth. Conditio
that favored planarization included reducing the V/III ra
and increasing the temperature. However, the higher
growth temperatures required to planarize the surface
resulted in increased source leakage due to the formatio
pits while the sample was being heated. At temperature
which source leakage was eliminated, the surface never f
planarized, so gate leakage was present in all devices
order to eliminate gate leakage as well as to achieve the
predicted breakdown voltages, it is necessary to be abl
better control the doping both within the aperture and und
neath the gate. This can possibly be achieved by using an
implantation to define the insulating layer. In addition,
insulator underneath the gate could be used to further red
gate leakage. Despite the gate leakage, working devices
still fabricated.

IV. CONCLUSIONS

AlGaN/GaN current aperture vertical electron transist
~CAVETs! with regrown aperture and source regions we
fabricated and tested. A device with a 2mm aperture had a
source-drain saturation current of 750 mA/mm, an extrin
transconductance of 120 mS/mm, and a 2-terminal g
breakdown of 65 V while exhibiting negligible DC-RF dis
persion for 80ms pulsedI –V curves. All devices exhibited
parasitic leakage currents, which were broken down i
three components and analyzed. Conditions that elimin
source-drain leakage paths both through the insulating la
as well as underneath the 2DEG have been identified
demonstrated. The largest impediment to completely eli
nating leakage was the uncontrollable doping levels in
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material directly underneath the gate, which led to high g
leakage and lower breakdown voltages. In order to fabric
a leakage-free device and increase breakdown, it is neces
to utilize a process in which doping levels in the apertu
region and below the gate can be more precisely control
such as using an ion implantation to define the insulat
layer.

ACKNOWLEDGMENTS

This work was supported by the Air Force Office
Scientific Research through contract number F49620-00
0143 monitored by Dr. Gerald Witt, as well as by the Offi
of Naval Research through theCOMPACT MURI program. I.
Ben-Yaacov gratefully acknowledges financial support fro
a NDSE Graduate Fellowship provided by the Departmen
Defense.

1Y.-F. Wu, P. M. Chavarkar, M. Moore, P. Parikh, and U. K. Mishra,Inter-
national Electron Devices Meeting. Technical Digest, Washington, D,
2–5 Dec. 2001~IEEE, Piscataway 2001!, pp. 17.2.1-3.

2J. R. Shealy, V. Kaper, V. Tilak, T. Prunty, J. Smart, B. Green, and L
Eastman, J. Phys.: Condens. Matter14, 3499~2002!.

3H. Xing, D. S. Green, L. McCarthy, I. P. Smorchkova, P. Chavarkar,
Mates, S. Keller, S. P. DenBaars, J. Speck, and U. K. Mishra,Proceedings
of the 2001 BIPOLAR/BiCMOS Circuits and Technology Meeting, Min
apolis, MN, 30 Sept.–2 Oct. 2001~IEEE Electron Devices Soc., Pisca
away 2001!, pp. 125–130.

4O. Ambacher, J. Phys. D31, 2653~1998!.
5W. R. Frensley, IEEE Trans. Electron Devices28, 962 ~1981!.
6N.-Q. Zhang, B. Moran, S. P. DenBaars, U. K. Mishra, X. W. Wang, a
T. P. Ma, Phys. Status Solidi A188, 213 ~2001!.

7J. B. Casady, A. K. Agarwal, L. B. Rowland, W. F. Valek, and C. D
Brandt,55th Annual Device Research Conference Digest, New York,,
pp. 32–33~1997!.

8B. Metzger, Compd Semicond.8, 33 ~2002!.
9S. Nitta, M. Kariya, T. Kashima, S. Yamaguchi, H. Amano, and I. Akasa
Appl. Surf. Sci.159, 421 ~2000!.

10S. Heikman, S. Keller, S. P. DenBaars, and U. K. Mishra, Appl. Phys. L
78, 2876~2001!.

11S. Heikman, S. Keller, S. P. DenBaars, U. K. Mishra, F. Bertram, an
Christen, Jpn. J. Appl. Phys., Part 142, 6276~2003!.

12S. Heikman, S. Keller, S. P. DenBaars, and U. K. Mishra, Phys. St
Solidi C 0, 2557~2003!.
IP license or copyright, see http://jap.aip.org/jap/copyright.jsp




