268 IEEE ELECTRON DEVICE LETTERS, VOL. 21, NO. 6, JUNE 2000

The Effect of Surface Passivation on the Microwave
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Abstract—Surface passivation of undoped AlGaN/GaN the ambient environment. These states trap electrons injected
HEI\_/ITjs reduces or eliminates the surface effects responsible by the gate and create a layer of charge at or near the surface
for limiting both the RF current and breakdown voltages of the 4 depletes the channel in the high field region between the

devices. Power measurements on a2 125 x 0.5um AlGaN/GaN . . . .
sapphire-based HEMT demonstrate an increase in 4 GHz sat- gate and drain. Since the time constants of the trapping states

urated output power from 1.0 W/mm [36% peak power-added in this surface layer range from seconds to microseconds, it
efficiency (PAE)] to 2.0 W/mm (46% peak PAE) with 15 V applied is not possible for electrons contained in the surface layer to
to the drain in e_ach case. Breakdown measurement data show fylly modulate the channel charge during large signal RF oper-
a 25% average increase in breakdown voltage for 0.5m gate 45 The resultis reduced RF current swing and output power.
length HEMT’s on the same wafer. Finally, 4 GHz power sweep In additi ducti d ionizati | hi f |
data for a 2 X 75 x 0.4 um AlGaN/GaN HEMT on sapphire !N @ ition, conduction and ionization along this surface layer
processed using the SN4 passivation |ayer produced 4.0 W/mm |ImItS the bl‘eakdOWI’l V0|tageS Of the deV|CeS. ThIS communica-
saturated output power at 41% PAE (25 V drain bias). This result tion demonstrates the use ofBi, passivation layers as a means
represents the highest reported microwave power density for of controlling the undesirable frequency-dependent current and
undoped sapphire substrated AlGaN/GaN HEMT's. reduced breakdown voltage associated with the layer of trapped

Index Terms—Breakdown, FET's, GaN, HEMT'’s, microwave electrons near the surface. These results resulted in the achieve-
power. ment of 4 W/mm saturated output power at 4 GHz for:a 25

x 0.4 m? device on a sapphire substrate.

|. INTRODUCTION
II. PRELIMINARY DEVICE CHARACTERIZATION AND

HERE is an ever-increasing need for high power, high effi- DIELECTRIC DEPOSITION

ciency microwave transistor amplifiers and switching de-

vices in a variety of military and commercial wireless commu- Undoped AlGaN/GaN HEMT's were grown using organo-
nications applications. This demand, coupled with advancesniretallic vapor phase epitaxy. A 220 nm ECR etch was used to
the growth of the group Ill nitrides, has spurred the developmeablate the active regions. Ohmic contact formation consisted of
of high power AlGaN/GaN high electron mobility transistorsx Ti/Al/Ti/Au metal stack followed by a 800C anneal for 30 s.
(HEMT's). To date, the state-of-the-art reported power perfof Ni/Au metal stack patterned using a three-layer resist scheme
mance for AIGaN/GaN HEMT'’s grown on SiC substrates is 9.fbrmed the mushroom gates. Further details concerning the ma-
W/mm at 8.2 GHz with the total power extracted from a singlterials growth and processing may be found in the literature [2],
device of 9.8 W (8.2 GHz) [1]. State of the art power added effj6].
ciency of 77% (1.7 W/mm) at 4 GHz was reported for a 0.5-mm Prior to passivation, dc, small signal, and large signal char-
periphery HEMT grown on a sapphire substrate [2]. acterization of a 2 125 x 0.5 um? AlGaN/GaN HEMT took

A significant frequency-dependent slump or even collapse hace. In addition, breakdown voltage data o 25 x 0.5m?
drain current has plagued the saturated output power and dffiline gate finger devices with gate-drain spacings ofiing 2
ciency realized by AlIGaN/GaN HEMT technology [4]. Efforts:m and 2.5:m were taken. The maximum static current of the
have been underway in several laboratories to understand tig 125 x 0.5 m? devices with 0 V on the gatelpss) was
effect [4], [5]. However to date, no solutions to the problerfound to be 520 mA/mm. Th¢;r and f,ax Were 25.3 GHz and
have been reported in the literature. We attribute this frequerdd.3 GHz, respectively.
dependent current degradation in AlIGaN/GaN HEMT’s to the Loadpull data taken on the 2 125 x 0.50 ym? HEMT
presence of slow-acting trapping states between the gate ahd GHz using Focus Microwaves™ computer controlled mi-
drain of the device. These trapping states are assumed to be assmvave tuners showed the maximum saturated output power to
ciated with surface states created by dangling bonds, threadirg0.5 W/mm a¥p =10 V and 1.0 W/mm a¥p = 15 V with
dislocations accessible at the surface, and ions absorbed frgrociated maximum PAE’s of 31% and 36%, respectively. The

gate-source bias for both of these measurements was held con-
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whereAV = 2(Vp — Vipee) @Nd AT = Ip max (in MA/mm)
and should be approximately 1.7 W/mmig = 15V and 0.8 e P Betont Dot
W/mm atV, = 10 V. Although this method of calculating the

maximum power is approximate in nature, the disparity between
the expected and measured output powers are too large to be
ascribed to the calculation procedure or any small experimental
errors (typical power measurement errors<aret0.5 dB). It is
assumed that the lack of available RF current limits the saturated
power and efficiency.

The device wafers were then cleaned using acetone, 0
methanol, isopropanol, and DI water (in this order) and then
dipped in 30:1 buffered oxide etch for 30 s. No significant
changes in device characteristics were seen after these cleaning
and etch steps. An IPE™ plasma-enhanced chemical vap@ri. outputpower and power-added efficiency (inset) as a function of drive
deposition (PECVD) system using Silane ($jHnd ammonia for a 2x 125 x 0.5um HEMT before and after passivation at bias point of
(NH5) sources was used to deposit 350 nm of\gion the 2 =15 V.Ve = —4 V and frequency of 4 GH2Z: = 131 + j120,

: Zs = 22 4 790 before passivation and; = 122 + j51, Z5 = 32 + 585
device wafers at a baseplate temperature of°3D0 after passivation).
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I1l. RESULTS AND DISCUSSION ’
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After the passivation, the dc, small signal, large signal, and
breakdown characteristics of the HEMT’s were remeasured.
The value ofl pss (at low drain-source bias) of thex2 125 x
0.5 pm? device increased from 520 mA/mm to 640 mA/mm.
Since the thermal conductivity of N, (0.37 W/cniK) is

.
(]
i

Output Power (dBm)

[
[e]

®—@ Output Power

Power—Added Efficiency (%)

approximately the same as that of sapphire (0.42 WKm power-Added Efficiency | 20
and is very thin compared to the device dimensions (350 nm 10}

compared to microns), it is improbable that the passivation

alters the thermal resistance of the device enough to increase 0 . ‘ 5
the current. More likely, the rise in current is due to an increase 0 5 10 15 20

in positive charge at the §\,/AlGaN interface, resulting in Input Power (dBm)
a higher sheet carrier concentration in the channel. Similar
increases in sheet carrier concentration have been observ@d- Output power and power-added efficiency as a function of drive for a

. L : . ivated X 75 x 0.4um AlGaN/GaN HEMT at a bi intdfp = 25V,
in other AlGaN/GaN surface passivation studies [6]. A mlnrfr?ss'vae oSl daiiig 8o e P o

e = —4V demonstrating 4 W/mm saturated output po&s, = 187+566,
change in threshold voltage of the device fre#h.5Vt0—4.75 Zz5 = 106 + 5108).
V after the passivation suggests that the maximum current is
limited by the ungated regions of the device. Correspondingin increase in PAE from 36% to 46% was also noted as shown
the small-signal transconductance increased from 195 mS/rimthe figure. The power sweep characteristics of the passivated
to 210 mS/mm, consistent with the rise in current and smalévice also show 1.5 dB lower small signal gain as expected be-
change in threshold voltage. cause of the increasé&d,; of the device. However in the case of
Small signal measurements also showed that the valyie ofthe passivated device, the power saturation characteristics show
decreased from 25 GHz to 22.7 GHz. The valu€'gfincreased less gain compression at higher drive which is consistent with
from 0.12 pF/mm to 0.17 pF/mm which in conjunction withthe higher saturated output power achieved. The passivation ap-
the decrease iffiy reducedf,,. from 40.7 GHz to 34.0 GHz. pears to prevent steady-state depletion of the channel by the sur-
The increase 0,4 is due, in part, to the increase in surfacéace layer of extra trapped charge, and the gate can now com-
dielectric constant caused by thgSi. In addition, the inability pletely modulate the channel. Hence, the full RF current swing
of the gate to charge the passivated surface layer confines the640 mA/mm) is preserved.
gate-drain depletion region to a smaller area near the gate edg&reakdown measurements were performed onzs x 0.5
further increasing’,q. um? devices with gate-drain spacings of 14, 2.0pm and 2.5
Unlike the small signal case, a tremendous difference in largen. The determination of the breakdown voltage was performed
signal performance before and after passivation was observeyl pinching the channel offVizs = —8 V) and then raising
Fig. 1 shows the difference in saturated power and PAE charag;s until an appreciable amount of currgd, = 1 mA/mm)
teristics before and after passivation. As the figure indicates, laegan to flow. The data shown in Fig. 2 demonstrate a 25% av-
increase in saturated output power of 100% to 2.0 W/mm wagage increase in drain-source breakdown voltage with a max-
measured at the same bias poib(= 15V, Ve = —4 V) and imum of Vp = 95 V for a 2.5um gate-drain spacing. Both be-
frequency (4 GHz) which previously yielded only 1.0 W/mmfore and after passivation, there was a sharp turn-on of drain cur-
Using the simple calculation of (1) and accounting for the irrent with a relatively unchanged gate current indicative of either
crease in maximum current, a value of 2.1 W/mm was expectadrface conduction or avalanche breakdown. However, since the

Page 2 of 3



270 IEEE ELECTRON DEVICE LETTERS, VOL. 21, NO. 6, JUNE 2000

RF current and breakdown voltage in AlIGaN/GaN HEMT's.
The experimental data presented show that the addition of a
SisN,4 passivation layer to undoped AlGaN/GaN HEMT's in-
creases the saturated power density by up to 100% at 4 GHz and
increases the breakdown voltage by an average value of 25%.
i Furthermore, the passivation process achieved a state-of-the-art
power density (4 W/mm at 4 GHz) for undoped AlGaN/GaN
HEMT’s on sapphire substrates. While it is presumed that the
passivation eliminates the surface trapping effects that produce
the frequency-dependent current, presumably by altering the
properties of the surface states, a detailed description of the
mechanism(s) responsible for the dispersion is admittedly
lacking. Future studies will address in detail these mechanisms
and the physical effect of surface passivation in eliminating
the frequency-dependent current slump and the related re-
Fig. 3. Breakdown voltage as a function of gate width before and after devisiCtion of breakdown voltage. Nevertheless, these promising
passivation for 0.5:m gate length AIGaN/GaN HEMT's showing an increasdnitial results offer a simple means of reducing or eliminating

in breakdown voltage of 25% with the addition of $iN,4 passivating layer. large-signal slump in undoped AlGaN/GaN HEMT’s and merit

) o ) further study of the physical mechanisms responsible for the
breakdown voltage increased after passivation, this would sygmrovements.

gest that prior to passivation the conduction and ionization of
states in the surface layer dominates device breakdown while
after passivation, avalanche breakdown near the gate edge dom-
inates.

A second wafer was passivated using the same process.
Again, the saturatgd power at. 4 GHz was measured on<a 2 [1] Y.-F. Wu et al., “High Al-content AlIGaN/GaN HEMT'’s on SiC sub-
125 x 0.5 um? device and an improvement from 1.67 W/mm strates with very high power performance,”lEDM Tech. Dig, Dec.
(36% PAE) atV, = 15V to 2.3 W/mm (41% PAE) at the same 1999, pp. 925-927.

; ; _ - _ 0% i B [2] K. K. Chu,J. A. Smart, J. R. Shealy, and L. F. Eastman, “AlGaN/GaN
bias point ofVp 15V, Vo 4 V (40% improvement in piezoelectric HEMT’s with submicron gates on sapphire,”Hroc.
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