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AlGaN/GaN current aperture vertical electron transistors with regrown aperture and source regions
have been fabricated and tested. fu2 thick GaN:Si drain region followed by a 0#m GaN:Mg
current-blocking layer were grown by metalorganic chemical vapor depositiorc guieane 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. Cl 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 88 pulsed —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 discussed00® American Institute of
Physics. [DOI: 10.1063/1.1641520

I. INTRODUCTION formed by reactive ion etchin@RIE), and source contacts are
ing th f h deposited on either side of the aperture. The drain metal
Du.rlng the past few years, €normous progress has bee&bntacts then-doped region below the aperture. Electrons
made n t_he developm_ent of lll-nitride semlconductor Mate-4y from the source contacts along the 2DEG, then through

rials for h|gh_vol'_[age13h|g_h power, and high temperature eleCy,o ahertyre into the-type GaN and are collected at the
tronics appllcaztmné. _High breakdown field strength in y0in "The conductivity of the material inside the aperture as
GaN (2 Mv/em’) permits very high voltages to be sustained, o a5 in the drain region must be much larger than that of

during operation of these devices. In high electron mobilityy,e 5pEG 50 that the total current passing through the device
transistors(HEMTSs), breakdown results from an avalanche is determined by the conductivity of the 2DEG. Simulta-
process that usually occurs near the gate edge on the draljf%ously, the conductivity of the 2DEG must be much higher
side;’ where accumulation of charge at high gate-drain VOIt'than that of the adjacent bulk GaN directly below the 2DEG
ages results in large localized electric fields. Achieving %o ensure current flow through the 2DEG rather than through
high breakdown voltage in a HEMT requires decreasing theﬁhe bulk GaN. A Schottky gate, located directly above the
electric field at the surface of the channel at the drain edge Oéperture, is used to modulate the charge in the 2DEG,

the gate. In GaN HEMTS, this has been accomplished by, q ey controlling how much current passes through the ap-
Zhanget al. with the employment of an insulated gate StruC- o rture and is collected at the drain

ture, and ;ource—drain breakdqun voltages of over 1 I_(V have In a CAVET, because the virtual draifor the pinched
been achievell. Another promising approach to achieving region is located underneath the gate, charge does not
bulk breakdown limits in mtnde—basgd electronic dewce§ IS;ccumulate at the gate edge, so no large fields near the gate
to employ a current aperture vertical electron transistolyjqq are present. Instead, our simulations show that the high
(CAVET) struct.ure: ) ) ., field region in a CAVET is buried in the bulk below the gate

'_A‘ CAVET is similar to a dggble-Fjlﬁused m'etaI.-OX|de metal. The CAVET, therefore, has the potential to support
semiconducto(DMOS) structure!” as illustrated in Fig. 1. a1y |arge source-drain voltages, since surface related break-

A CAVET consists of a source region separated from a drainyq ., s eliminated. Additionally, surface related instabilities
region by an insulating layer containing a narrow aperturey | .1 as DC-RE dispersion are mitigated
that is filled with conducting material. The source region is '

comprised of a two-dimensional electron gaBEG) formed

in the GaN near the AlGaN/GaN heterointerface, while thd!- DEVICE FABRICATION
drain region consists oh-type GaN. A device mesa is Device layer structures were grown by metalorganic
chemical vapor depositiodMOCVD) on ac-plane sapphire

aAuthor to whom correspondence should be addressed; electronic maifubstrate. The e_pitaXial growth began with ara r_1-type (_Si
ilan@engineering.ucsb.edu doped GaN drain layer, followed by a 0.4m insulating
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(Mg-doped GaN layer[see Fig. 2a)]. Next, channel aper-

tures were etched through the insulating GaN byr€ctive

ion etching(RIE), as illustrated in Fig. @&). Aperture widths

(Lap) ranged from 0.6 to 3um, and gate overlap lengths

(Lgo) ranged from 0.3 to Sum. Alignment marks on each

die were then covered by sputtering AIN so that the marks

would be visible following regrowth. The wafer was then

placed back into the MOCVD chamber and a maskless re-

growth was performed. 1700-2500 A of unintentionally

doped(UID) GaN was grown, followed by a 250 A AlGaN FIG. 2. Schematic diagrams ¢&) in_itial layer structure for CAVET,(b)
. . . g aperture etch, antt) completed device.

cap, resulting in the structure shown in Figc)2 Interrupted

growth studies indicated that the aperture partially filled with

GaN while the sample was heated during the regrowth prop; RESULTS AND DISCUSSION

cess as a result of mass transport of material from the surface ) o

into the aperturé® The surface directly above the aperturesA' Electrical characterization

did not entirely planarize during the regrowth; a small de- A Tektronix 370A programmable curve tracer was used

pression could still be observed, as illustrated in Fi@).2 to perform the electrical characterization of these devices.

Material inside and above the aperture region, therefore, wakhe dclys—Vys characteristics of a CAVET with a Zm

not grown on thee-plane, but rather on an inclined or verti- Wide aperture and a Am gate overlap are illustrated in Fig.

cal facet. A two-dimensional electron gé2DEG) is present  3: This device had a maximum source-drain currépt,) of

in the GaN near the AlGaN/GaN heterointerface, enabling®0 MA/Mm and an extrinsic transconductandg,)( of

the formation of ohmic source contacts and providing thew_120 mS/mm a“d5~650, mA/m'm and Vgs~7V. The
charge that is collected at the drain. pinch-off voltageV, of this device was—6V, and the

Next, a device mesa for the source and gate region Wazs-termmal breakdown voltage was65 V. Relatively large

. A : parasitic leakage currents, which are evident in Fig. 3, pre-
formed with Ch RIE. TI/AINi/Au (200/1500/375/500 A vented a meaningful measure of the 3-terminal breakdown

were then evaporated and annealed at 870°C for 30 S 101396 A comparison of the DC device characteristics to
form ohmic source and drain contacts. The squrce metal C‘_’Qhose where the gate was pulsed from pinchoff to their final
tacts the 2DEG near the AlGaN/GaN heterointerface, whilg,g)ye reveals that these devices exhibit negligible dispersion
the drain metal contacts the Si-doped GaN layer at the baggr an 80s pulse width. Device DC electronic characteris-
of the structure. Finally, Ni-Au300/3500 A was evapo- tics were found to be independent of the aperture length
rated for a gate metallization, resulting in the device illus-(L,,) for aperture lengths ranging from 0.8 tosn, indi-
trated in Fig. 2c). None of the devices contained any kind of cating that the maximum current,,, in these devices is
surface passivation layer. determined by the available charge in the 2DEG and not by

GaN:Si

Sapphire Substrate

(0
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FIG. 3. 14—V characteristics of a CAVET with a regrown channel. Cur-
rent densities reported here are normalized to the total source width
(Wsouree= 2% Wyqee, Since there are 2 sources, each with the same width as

the gate. (b)

FIG. 4. (a) Schematic diagram of where the high field region occurs in a
the Conductivity of the aperture region. The current in SoméBaN-based HEMT(b) Simulation cross section of an AlIGaN/GaN CAVET,
devi hich had t | th ller th illustrating constant voltage contour lines and indicating where the highest

evices whic ad an aPer ure length sma e-r .an'fms fields occur. In a HEMT, the high surface fields cause AlGaN surface states
was lower than those with larger apertures, indicating thaio fill, resulting in DC-RF dispersion. In a CAVET, because the fields at the
the current in these devices was being limited by the conducsurface are small, surface states remain unoccupied.
tivity of the aperture. It should be noted that the current
densities (4s) and transconductanceg,{) reported here are

per source pad, so that a meaningful comparison to HEMTgard CAVET. The gate metal extends all the way across the
can be made. aperture, so the current does not flow underneath the surface

on the drain-side of the gate. The only portion of the AIGaN
surface that could affect the charge in the channel is the
region between the source and the gate. Because the electric

In AlGaN/GaN HEMTs, DC-RF dispersion has been at-field in this region is small, the surface states there should
tributed to the charging of surface traps at the AlGaN surfaceot fill up with electrons, so we expect to see no dispersion
in the gate-drain access regidhas illustrated in Fig. @). in this device. We can see from Fig(a that this is indeed
When the device is under bias, large electric fields argvhat occurs.
present at the drain-side edge of the gate, which causes the In the device shown in Fig.(B), the gate only extends
surface states to fill with electrons until the surface is appart way across the aperture. This brings the surface on the
proximately at the same potential as the gate. When an drain-side edge of the gate closer to the path of current flow,
signal is then applied to the gate, the surface states do n@kpicted by the arrows in Fig. 5, which we now refer to as
respond as quickly as the metallic gate, so the potential at thiae channel. Occupied surface states in this region could po-
surface is not able to vary as quickly as the applied rf signaltentially modulate the channel, although because the channel
resulting in the DC-RF dispersion that is commonly ob-does not run directly under this region, we would expect the
served. effect to be relatively small. Indeed, we see in theV

In a CAVET, the drain region is located beneath the gatecurves in Fig. @) that a small amount of dispersion is
As a result, when the device is under bias, the high fieldoresent in this device.
region is buried in the bulk rather than at the surface, as  The device illustrated in Fig.(6) is similar to a HEMT.
indicated by our simulations in Fig(H). The electric field at In this device, the gate is completely offset from the aperture.
the surface, which results from the small potential differenceCurrent passes directly underneath the AlGaN surface on the
between the gate and the source, is relatively small, so therain-side of the gate, so any changes in the potential at this
surface states should not fill up with electrons and DC-RFsurface will directly affect the amount of charge in the chan-
dispersion should be mitigated. THe-V characteristics nel. We can see in Fig.(6) that this indeed results in a
shown in Fig. 3 support this hypothesis; the device showslevice with very high dispersion.
negligible dispersion for 8@s pulses.

In order to further verify this surface-state model for C. Parasitic leakage currents
dispersion, the three structures illustrated in Fig. 5 were fab-" 9
ricated on the same material and then tested.IFhécurves Unfortunately, all AlIGaN/GaN CAVETs with regrown
of each of these devices for DC and pulsed conditions araperture and source regions fabricated to date have exhibited
shown in Fig. 6. The device in Fig(& is similar to a stan- relatively large parasitic leakage currents, often comprising

B. DC-RF dispersion
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FIG. 5. Three CAVET structures fabricated in order to verify the surface-
state model for DC-RF dispersiota) Gate completely covers the aperture,
drain-side edge of gate is far from the current péth Gate partially covers
the aperture, drain-side edge of gate is near the current (@gatBate offset
from aperture, current passes directly underneath drain-side edge of the gate.
as much as 15% of the total current. These leakage currents TR

resulted in devices that do not pinch off, and they have pre- Vps (V)

vented a meaningful measure of device 3-terminal break-

down VOItageS_’ making it impossible to determine WhetheIEZIG. 6. Measured -V characteristics for the devices illustrated in Fig. 5.
the large predicted breakdown voltages for a CAVET can by The device in Fig. &) exhibits negligible DC-RF dispersiofb) The
realized. The entire current observed at pinch-o‘ﬁg ( device in Fig. %b) shows a little dispersion(c) The device in Fig. &)
=—6V) in Fig. 3 consists of leakage currents. In a CAVET, shows very high dispersion.

the total leakage current is comprised of three elements:
Electrons from the source passing directly through the insu-
lating layer, electrons from the source traveling through the
aperture but underneath the 2DEG so that they are not modu-
lated by the gate, and electrons traveling from gate to drain.
A schematic diagram of these leakage paths is illustrated in
Fig. 7.

In order to study leakage currents in CAVETSs, it is im-
portant to determine how much each of the three components
illustrated in Fig. 7 contribute to the total leakage current.
Gate leakage can be measured independently by simply per-
forming a 2-terminal gate-draih—-V measurement. Source Sapphire Substrate
leakage through the insulating layer can be approximately

measured by performing a 2'terminal source-dfai mea- _FIG. 7. Schematic of leakage paths in a CAVEIGht arrows represent
surement on a device that contains no aperture. Any remailneakage paths

Source Gate Source

I leakage

‘/"_ licakage

Tos
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FIG. 8. Optical photograph of surface after it is heated to regrowth tempera-
ture and then immediately cooled back down. Pits and surface roughening
can be observed. The straight line indicated in the middle is @ar8ong
aperture.

(b)

ing leakage that is not accounted for by these two compo-

nents must therefore result from electrons traveling througlh'C: 9 (8 Schematic of CAVET. Shaded region is unintentionally doped
highly n-type during regrowth(b) Test structure with a gate that is offset
the aperture but underneath the 2DEG. from the aperture.

By performing the above measurements, all three leak-
age paths were shown to exist for the device Wwittv char-
acteristics illustrated in Fig. 3. Subsequent studies were pel. Source leakage underneath the 2DEG
formed to determine what was causing each of the leakage

It was stated earlier that the conductivity of the 2DEG
paths to exist and how they could be eliminated. 4

needs to be much higher than that of the adjacent bulk GaN
directly below the 2DEG to ensure current flow through the
2DEG rather than through the bulk GaN. Source leakage
1. Source leakage through the insulating layer underneath the 2DEG occurred when these conditions were
) ) not met. Leakage through this path was reduced by keeping
Interrupted growth studies confirmed that source leakagg,e Uip layer as thin as possible, insuring that it was fully
through the insulating layer resulted from pits formed on thedepleted all the way up to the 2DEG. For UID layers with
surface at the onset of regrowth, as the sample was heated {§qckness< 1700 A, no leakage through this path was ob-
growth temperature. A minimum regrowth temperature ofgarved for drain voltages of up te'50 V, which was the
1160°C was required in order for the region above the appreakdown voltage of those devices. It is possible that in
erture to planarize. However, if the sample was heated to thigeyices with larger breakdown voltages, leakage through this
temperature in 6 standard liters per minéstpm) of NH;  4th may be observed at higher drain voltages. In addition, if
and 6 slpm of H or N, at atmospheric pressure without e D Jayer is too thin, the region above the aperture does

injecting any trimethylgallium(TMGa), as is our standard ot ajways planarize, and so gate leakage becomes more se-
procedure, then pits formed at the surface, as seen in Fig. §gre.

All devices for which the regrowth was performed under

conditions leading to pits exhibited large leakage currents

through the insulating layer. Eliminating this leakage path3- Gate leakage

required reducing the reactor pressure, reducing the amount As stated earlier, material inside as well as above the
of hydrogen present in the reactor by growing ip Ahd  aperture region was not grown on tbeplane, but rather on
reducing the NH flow, and introducing a small flow of an inclined or vertical facet. Other studies have found evi-
TMGa into the reactor prior to reaching growth temperaturedence that GaN which is grown on facets other than the
Reducing the temperature also kept the pits from forming{0001 plane tends to incorporate larger concentrations of
however, for temperatures less than 1160 °C, the material-type impurities:*>We, therefore, believe that the material
above the aperture did not always planarize, in which casdirectly beneath the gate is hightytype, resulting in a leaky
gate leakage was much more severe. In order to ensure thgate Schottky barridrsee Fig. @a)]. Because the peak elec-
pits did not form during regrowth, subsequent devices werdric field in a CAVET is located directly beneath the gate, this
heated to regrowth temperature in 3 slpm of \ithd 9 slpm  n-type doping causes an increase in the peak field, which
of N, at a pressure of 300 Torr. Additionally, a small amountlimits the breakdown voltage in these devices. Although it is
of TMGa was injected into the reactor while the temperaturgpossible that gate leakage results from the enhanced electric
was ramped from 1050 to 1160 °C. All devices for which thefields due to the indentation in the surface underneath the
regrowth was performed under optimized conditions exhib-gate, our hypothesis is supported by the fact that in test struc-
ited negligible leakage through the insulating layer. tures where the gate is offset from the aperture, gate leakage
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is eliminated while breakdown voltage remains the sggae  material directly underneath the gate, which led to high gate

test structure in Fig. @)]. If gate leakage had resulted from leakage and lower breakdown voltages. In order to fabricate

the enhanced fields caused by the indentation in surface, anleakage-free device and increase breakdown, it is necessary

increase in the breakdown voltage would be expected wheto utilize a process in which doping levels in the aperture

the gate was offset from the aperture. region and below the gate can be more precisely controlled,
In order to eliminate gate leakage, we attempted to findsuch as using an ion implantation to define the insulating

growth conditions that would cause the surface to completelayer.

planarize almost immediately during regrowth. Conditions
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