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Impact of Si doping on radio frequency dispersion in unpassivated
GaN/AlGaN/GaN high-electron-mobility transistors grown by
plasma-assisted molecular-beam epitaxy

Oleg Mitrofanov, Michael Manfra, and Nils Weimann
Bell Laboratories, Lucent Technologies, 600 Mountain Avenue, Murray Hill, New Jersey 07974

(Received 31 March 2003; accepted 14 April 2D03

We report on the effect of Si doping on the transient behavior of unpassivated high-power GaN/
AlGaN/GaN high-electron-mobility transistors grown by plasma-assisted molecular-beam epitaxy
on 6H-SIC. The incorporation of Si into the heterostructure barrier is found to reduce the level of
radio frequency dispersion as compared to undoped structures. In some devices which incorporate
Si doping of the barrier, the pulsed and steady-state current—voltage characteristics coincide, and
gate lag is found to be insignificant. More typicall,90% of the dc value of drain current is
restored at Jus after pulsing the gate from pinch off #;s=0 V. Significant gate lag is observed

in devices that are not doped with Si. In the undoped structure, the drain current reache3 @y

of the dc value within Jus. The transient behavior in the two designs is attributed to the same defect
state with activation energy of 0.22 eV. Dispersion reduction is correlated with an increase of gate
leakage current in Si-doped devices. 2003 American Institute of Physics.

[DOI: 10.1063/1.1582373

Recent advances in the development of AlGaN/GaNphysical processes that result in rf dispersion.
high-electron-mobility transistor6HEMTs) has led to the We compare the dispersion observed in two heterostruc-
demonstration of power densities exceeding 10 W/mm at 8ure designs. The epilayers differ only in the doping of the
GHZz'? and 5 W/mm at 26 GHz for small periphery devides. AlGaN barrier and GaN capping layer. In both structures, a
Nevertheless, significant radio frequen@y) dispersion is 60 nm thick AIN nucleation layer is deposited on semi-
still observed in many devices, which represents a significannsulating 6H—SiC. The nucleation layer is grown at a sub-
challenge to future progress. rf dispersion is characterized bytrate temperature of 800 °C. The nucleation layer is fol-
an increase of the knee voltage and a drop in the maximuriowed by approximately 2zm of undoped GaN grown at 0.5
channel current at microwave frequencies. Several groupsm/h with a Ga flux just below the transition to Ga droplet
have shown that the effects of dispersion can be mitigated iformation. The substrate temperature is 745°C. The GaN
metalorganic chemical vapor deposition grown epilayers byyuffer is followed with a 30 nm thick Al;Gay gdN barrier
passivating the device surface with SiRi*~®More recently, ~and the heterostructure is completedhit 5 nm GaNcap-

SiN passivation has been used to improve molecular-beaming layer. The substrate temperature is not changed during
epitaxy (MBE) grown layers as well.These results strongly the deposition of the barrier structure. In the first design, the
suggest that surface state traps are responsible for dispersiaipper 15 nm of the AlGaN barrier and the 5 nm GaN cap-
However, the specific trap states involved in rf dispersion arging layer are doped with Si at a level ofx10® cm™ 3.
neither well known, nor are the physical mechanisms byrhe second design does not incorporate any Si doping.
which SiN passivation reduces the effect. Devices are fabricated from these epilayers using optical

Moon et al® have reported excellent power performancecontact lithography. After dry etch mesa isolation, ohmic
for unpassivated AlGaN/GaN HEMTs grown by MBE. We contacts were defined with a drain—source opening afrb
have recently demonstrated GaN/AlGaN/GaN HEMTsThe Ti/Al/Ni/Au ohmic metal stack was alloyed at 850 °C in
grown by plasma-assisted MBE on 6H-SiC with power den+\, atmosphere. Lastly, Lm long Schottky gates were de-
sities exceeding 8 W/mm at 2 GHRef 9) and 6 W/mm at posited by electron-beam evaporation of (\’BDO A) fol-

7 GHZ(Ref 10 achieved without surface paSSivation. These|owed by Au(3000 A) The Chips were not passiva‘[ed before
results suggest that dispersion effects can be minimized withheasurement. The devices are laid out in coplanar test
proper structure design and control of MBE growth condi-frames in common-source configuration for on-wafer testing.
tions. Each HEMT consists of two opposed gate fingers, with total

In this letter, we report on the characterization of tran-gate periphery of 5@m. dc device characteristics were mea-
sient behavior of unpassivated GaN/AlGaN/GaN HEMTsgred on wafer with an HP4145B parameter analyzer using
grown by MBE. We discuss the role of Si doping of the needle probes. For transient characterization, the gate poten-
barrier in the HEMT structure. Measurements of pulsedia| was controlled with a pulse generator. The gate voltage is
current-voltagel(-V) curves and gate lag are used to quan-pyised from pinch off toVs=0 V. The pulse rise and fall
tify the temporal response of the device and to help identiftime is 150 ns. The transient drain current is measured using
a low insertion impedance current probe and displayed on a
dElectronic mail: olegm@Ilucent.com digitizing oscilloscope.

0003-6951/2003/82(24)/4361/3/$20.00 4361 © 2003 American Institute of Physics

Downloaded 20 May 2012 to 128.210.126.199. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions



4362 Appl. Phys. Lett., Vol. 82, No. 24, 16 June 2003 Mitrofanov, Manfra, and Weimann

1100 ,
......... Pulse V =0V 1.0
1000f __ pe e g :

900} 1 0.8f

‘g 8007 o
R, 06F
& 700} ~
V.=-4V )

é 600+t G o 04
-’ 500 B I O
< t(107s) 0.2} '

400} ID 0 3 10 15 20_ ------- no Si doping

1.0 Si doped F-

300} - 0.0

2001 0.5 ! 0 2 4 6 8 10 12 14 16 18 20

100} t (us)

0 , 00 FIG. 2. Typical gate lag in the Si-doped and undoped devices. The error bars
0 5 10 15 20 indicate the standard deviation of the drain current=al us in the en-
semble of 15 devices of each design. The gate is pulsed from pin¢Bioff
VD (V) doped:Vgs=—10 V; undopedVgs=—11 V) to V5s=0 V with duty cycle

of 0.15%,; the drain is biased in saturation\Vgis=15 V.
FIG. 1. Pulsed and steady-stateV characteristics of a device that displays
minimal dispersion. The inset shows the response of the drain current to a 10
us gate pulse. The gate is pulsed from pinch\4fs=—10VtoVgs=0V  observed in each design. The recovery in each case is nor-
with duty cycle of 0.1%; the drain is biased in saturation/g=10 V. malized to the steady-state current valuy@gzo V. For the

15 undoped devices, the average recovery aftgislis 70

The temporal response of a Si-doped heterostructure that 7%- The doped devices show an average recovery after 1
displays minimal dispersion is shown in Fig. 1. The insetuS Of 88+4%. The standard deviation from the average
displays the drain current response to a A€ gate pulse value at 1us is indicated by the error bar. Based on this
from Vgs=—10 V to V=0 V with a duty cycle of 0.1%. analysis, it is clear that the Si doping has reduced the amount
During most of the measurement, the device is stressed in tH¥ dispersion seen relative to the undoped case.
off state(—10 V). The transistor switches to the full dc cur- The dynamics of current recovery in the doped and un-
rent value within 100—200 ndimited by the temporal reso- doped samples havg similar features. As the gate voltage
lution of the measurement setuffhe pulsed —V character- ~SWitches from the pinch off to the open channel state, the
istics using a 1Qus pulse are compared to the steady-staté_jra'n current mstantaneously rises to an initial leffellow- .
| -V characteristics in Fig. 1. Large signal load pull measureing the 150 ns gate pulse rise timén the case of the Si-
ments of devices that display similar characteristics havéloped devices, the initial level is 85% while it is only
yielded power densities over 8 W/mm at 2 GHz. The meaH4+6% for the undoped devices. The initial step is followed
sured saturated power density in these devices agrees willy 10—-15us nonexponential recovery which crosses over
the value predicted from a simple load-line analysis of the ddénNto an exponential approach to the steady-state current
|-V characteristics. In the course of this study, we havevalue. Figure 3 shows the transient characteristics of an
evaluated several wafers that incorporate Si doping of théndoped device. The time constant of the exponential ap-
barrier. The behavior shown in Fig. 1 represents the deviceRroach is~50 us at room temperature. The similarity in the
displaying the least dispersion. In Si-doped devices, as dis-
cussed next, we typically observed an approximately 90% ‘ - -
recovery of drain current in Ls after pulsing the gate from T=10"C
pinch off toVgs=0 V. N\ r=20°C

In order to present a statistically significant comparison
of gate lag between the undoped and doped designs, we com-2
pare 15 devices from both one doped and one undoped wa-
fer. The Si-doped structure exhibited a room-temperature
mobility of 1300 cnt/Vs with a sheet density of 1.3
X 10' cm™2. The mobility of the undoped structure was
1400 cnt/V's with a sheet density of 1410 cm 2 at
room temperature.

The gate-lag measurements are performed in a common
source configuration. The transistors are biased into satura- 991t
tion. The gate voltage is pulsed from pinch off\¥g =0 V 0
for a duration of 15us with a duty cycle of 0.15%. Figure 2 £ (us)
cqmpares the temporal requnse of the drain current in G. 3. Transient drain current measured in undoped devices at tempera-
Si-doped and an undoped device. The plotted results are tWgyes ranging from 10 to 90 °C. The gate is pulsed from pinch/g=—11
individual scans that reside close to the average behaviorto Vgs=0 V; the drain is biased in saturation \dgg=12 V.
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gualitative transient characteristics of the doped and undoped 0.5— T - T
devices suggests that the same physical process is respon- ,
sible for the rf dispersion. However, a significantly smaller 0.4 "!,
effect observed in the doped devices implies that Si incorpo- A .
ration into the barrier facilitates the drain current recovery X
process. 0.3 A
Not surprisingly, the amount of gate leakage is also
changed by the Si doping of the AlGaN barrier and the GaN
capping layer. The average gate leakage measured in the un-
doped devices was 6xA/mm at gate to drain bias of 0.2
Vep=—25V. The doped devices displayed much higher gate \‘l
leakage. The average value for the doped devices was 480 *
M#A/mm gt a ggte to drain pias of25 V. o 1 =CT?exp(- E,/kT)
At this point, the physics of gate lag reduction in the
doped devices is not completely clear. The higher leakage E =022+0.1eV
current indicates that a weak conduction channel is formed 4
near the surface of the structure. The channel can be associ-
ated with lowering of the conduction band level relative to
the Fermi level in the GaN cap layer due to the presence of 1
Si donors and with the Si-site assisted conduction. As noted 1/T x1000(K")
here_‘m’ the rf dISpeI’S_IOI’] In AIGa_N/GaN HEMTs is at IeaStFIG. 4. Temperature dependence of the rate constant extracted from the data
partially related to active electronic states on the surface. Thg Fig. 3.

effect of the surface charging will be reduced in the system ) o )
with the weak conduction channel near the surface, whictpn the dispersion in unpassivated. GaN/AlGaN/GaN HEMTs

can screen the two-dimensional electron gas from the activ8©Wn by plasma-assisted MBE. The incorporation of Si in

surface states. the heterostructure barrier is found to reduce the level of rf
In order to further our understanding of the defect state&liSPersion, and in some cases, remove it entirely. Study of

involved in dispersion in GaN/AlGaN/GaN heterostructures the transient behavior showed qualitatively similar character-

we have investigated the kinetic behavior of the active statedStics in the doped and undoped devices. Investigation of the

The response of the channel current to the gate potentidgmperature dependence of gate lag yielded at least one ther-

depends on the operating temperature. A series of transierfi@ally activated electronic state with energy of 0.22 eV.

measured on the undoped device at temperatures between

10°C and 90°C is shown in Fig. 3. The initial level of the ) _ _

current response increases at the elevated temperatures, aﬁdT'\ﬁ“Skhrg g- Pa”k\*/" If”d YHF }\é\(u, ?rfl’jc- 'Etﬂg éozzizﬁ’og,g o and L

the consequent approach to the steady-state level become§, (% = crr Lo abe o W 53’4%’00'3 mart, . shealy, and L.
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inverse temperature. T_he tempgrature dgpendence of the. Préeg. Ventury, N. Q. Z’hang, S. Keller, and U. K. Mishra, IEEE Trans. Elec-

cess follows the classical kinetic behavior of the Arrhenius tron Devices48, 560 (2002.
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