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A Novel InGaAs/InAlAs Insulated Gate
Pseudomorphic HEMT with a Silicon
Interface Control Layer Showing High

DC- and RF-Performance

Yong Gui Xie, Seiya Kasai, Hiroshi Takahashi, Chao Jiang, and Hideki Haseyswaber, IEEE

Abstract—A novel InGaAs/InAlAs insulated gate pseudomor-
phic HEMT (IG-PHEMT) utilizing a silicon interface control layer
(Si ICL) was successfully fabricated and its DC and RF perfor-
mances were characterized. The device showed high transconduc-

Si-based insulator

1li-V semiconductor

SilCL

tance of 177 mS/mm even for a gate length of 1 &m. As compared (a)

with the conventional Schottky gate PHEMTS, the gate leakage 71 Pseudomorphic Si ICL

current was reduced by 4 orders of magnitudes and the gate break- T (MLlevel)

down voltage was increased up to 39 V. Well-behaved RF char- . Ec

acteristics with the current gain cutoff frequency, fr, of 9 GHz Sl-b?sted InGaAs

and the maximum oscillation frequency, fimax , of 38 GHz were ob- insutator

tained for the 1.6 pm-gate-length device. =N Ev

Index Terms—Fermi level pinning, gate leakage, InGaAs, insu- (bc)]uantlzed state

lated gate, interface control, interface states, PHEMT. ;

? Ge/AuNi CrAu SiO2(400m) gy o
z G z (total 1 nm)
I. INTRODUCTION | InGaAs cap

UE to its excellent high frequency performance, the InP- Ino.s2Alo.4sAs 30 nm (1 nm)

. basefd. InGaAs{InAIAs pseudomorphic HEMT (PHEMT) Inos2Al048AS 5 nm Si 8-doping

is a promising candidate for the key device in next generation Ino-GaoaAs 10 nm

ultra-high-speed wireless and optical communication systems
[1], [2]- Unfortunately, however, the conventional PHEMT has a
Schottky gate (SG) structure which tends to cause various prob- S. I InP (001)
lems particularly in high power applications. Namely, the prob- (c)
lems are large DC Igakage cu.r.rents, low breakd_oy\{n VOItagE% 1. (a) An basic insulator-1lI-V semiconductor structure utilizing Si ICL
Poo_r_RF power hqndllng capablllty, poor reprodumblllty and _rqb);a\b.and diagram of an insulator/Si ICL/InGaAs system and (c) cross—sectiohal
liability, all of which are due to the low and unstable barriegtructures of an InGaAs/InAlAs insulated gate (IG)-PHEMT.

height at the Schottky interface as well as to forward conduc-

tion inherent in the Schottky gate. In this letter, we report on successful fabrication and DC and

Tq solve thgs_e problems, use of an '”S“"?‘teq gate (IG) strug: characterization of an InGaAs/InAlAs IG-PHEMT having
ture is a promising approach. However, realization of a good |

. a novel IG structure utilizing a silicon interface control layer
structure on IlI-V compound semiconductors has been kno Q. ICL) [5]-[7]. In this structure, an ultrathin pseudomorphic
to be difficult due to strong Fermi level pinning which take ' ! h P

. . . i layer grown by molecular beam epitaxy (MBE) is inserted
place at the insulator-Ill-V compound semiconductor mterfa%eetween a Si-based insulator and the I1l—V compound semicon-
due to high-density interface states [3], [4]. Thus, previouos

insulator gate field effect transistors (IGFETSs) suffered fromUCtor‘ as shown in F'g'. 1(). The pseudomqrphm Sl/lq(_BaAs
- . c9herent interface combined with a Si-based insulator/Si inter-
problem such as poor gate controllability, large drain curre

. e ace having low-density interface states can realize ordered and
drift and poor reliability. . . ;
coherent bonding transition from the 1lI-V semiconductor to
the Si-based insulator, thereby removing interface gap states. To
. . . _ ake this scheme work for wide-gap materials, one should pay
Manuscript received March 6, 2001. The review of this letter was arrange . . . .
by Editor D. Ritter. attention to the band gap narrowing of the Si ICL due to tensile
The authors are with the Research Center for Integrated Quantum EIstress. This potential problem can be avoided by using an ultra-
tronics (RCIQE) and Graduate School of Electronics and Informatiqrhin Si ICL where the electron and hole band states pushed out

Ino.s2Al0.48As buffer

Engineering, Hokkaido University, Sapporo 060-8628, Japan (e-mayl: . .
kasai@rciqu.hokudai.ac.jp). afrpm the ultra-narrow Si surface quantum well [7], as shown in
Publisher Item Identifier S 0741-3106(01)05422-2. Fig. 1(b).
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Effectiveness of the Si ICL technology has been confirmed in 10
. - gy . Lg=16um Wg=65um _ _gov
a macroscopic way by dramatic increase of photoluminescence e GS
intensity from near-surface AlGaAs/GaAs quantum well [8] and 8 [1G-PHEMT with Si ICL

InAlAs/InGaAs quantum wires [9] as well as by realization of
stable InGaAs metal-insulator-semiconductor (MIS) FETs [10]. I
More recently, a scanning tunnel microscopy (STM)/scanning <6

. . E
tunnel spectroscopy (STS) study also has confirmed its effec- - \G-PHEMT without Si ICL 0.2V
tiveness in a microscopic scale [11]. a4 : without 1
Il. DEVICE STRUCTURE AND FABRICATION o |

The cross-sectional structure of the novel InP-based
IG-PHEMT is shown in Fig. 1(c). The device has a novel insu- 0
lated gate structure where a partially nitrided ultrathin Si layer
is inserted between a gate insulatdiQ,, and the standard
PHEMT wafer with an InGaAs cap layer. Partial nitridation of
the Si layer was done to control the Si ICL thickness precisely
in monolayer level to push out Si band states.

The InGaAs/InAlAs PHEMT wafer was grown by the con- 1091
ventional MBE. The channel layer was a 10 nm pseudomorphic . I Schottky gate
Ing 7Gag 3As layer whose Hall mobility and sheet carrier den- < o8
sity at 300 K were 7700 cf'Vs and1.9 x 10'% cm~2, respec- 3 Insulated gate

tively. The device isolation etching and formation of Ge/Au/Ni
source and drain electrodes were done in air. After the removal
of an oxide layer on the InGaAs cap layer by HF treatmentdn N

ambient, the sample kept in the l[dmbient was quickly loaded 10121 Wg = 65 um
into the MBE chamber. A pseudomorphic 1 nm thick Si layer 4 05 0 05 1
below the critical thickness of the Si on InGaAs was grown Vas V)

by MBE at a substrate temperatuf€.,;,) of 290 °C. Then, (b)

the sample was transferred into an ECR plasma CVD chamber
without breaking ultrahigh vacuum. Partial nitridation of thé&ig. 20-| (@)Ips—Vps chzracteristics ofIG-FHEMTs with and without Sli ICL.
; ; ot Ips: drain currentVpg: drain to source voltagé/qs: gate to source voltage,
.SI ICL was don.e by |rraql|at|ng the Sur,face b_y the plasma aﬁa (b) gate Ieakaggi:urrent characteristics of t?\; IG- and SG-PHEMTSs.
in order to obtain an optimum ultrath#iN,. /Si structure [5]
wherteln'—snu X dPS [T‘e?‘s‘t‘.remiﬂts we;r((e) uged |fmsmé procgtssd Vbs = 5 V without any kink effects. Nd—V hysteresis effect
tranotnhl O”rg an gi)/lljmlzaﬂlwon. tef" a | t'S]CAQ\lA(’)aS egolslloeo was seen. A maximum transconductance of 177 mS/mm was
Ay etp alsmta d an € gzg miu a:jor.d h tnlr'?h " "Rhieved aVy = 0 V. This is 20 times larger than the best
u gate electrode was tormed by standard photolithograpy aid | 51e of 7 mS/mm of the IG-PHEMT without Si ICL. All

lift-off process. The fabricat_ed devices had gate lengd, of these improvements are due to the removal of the Fermi level
1.6 xm and effective gate width}y', of 65um x 2. To clearly ﬁ:)inning

see t.he effect _of insertion of the Si _ICL, IG-HEMT.devices wit The best values af,, of the conventional Schottky gate (SG)-
theSi0, gate 'T‘SU'ator only and without ti#N., /Si structure HEMTSs reported in the literature [12], [13] is 210-377 mS/mm
were also fabricated. for L = 1 um. Thus, theg,, value of 177 mS/mm obtained
in the present device fdt = 1.6 um is comparable to that of
I1l. RESULTS AND DISCUSSION the SG-HEMTSs. Further increase @f, values to those compa-
Fig. 2(a) showslps—Vps characteristics of the fabricatedrable with commercial sub-micron SG-HEMTs seems feasible
IG-PHEMTs with and without Si ICL. The insulated gatedy reducing the gate length. It should be also noted that the
devices without Si ICL were very fragile and easily brok®resent IG-PHEMTs allow operation under positive gate volt-
down. Thus, they could be characterized at only small drad@es, whereas SG-HEMTs usually do not, due to forward con-
voltages. Without Si ICL, the IG-PHEMT showed very poofuction.
gate controllability and small drain currents. The channel could Gate leakage currents of the IG-PHEMT with Si ICL and a
not be pinched off either. These are due to presence of strdpfig-PHEMT are compared in Fig. 2(b). The reverse leakage cur-

Fermi level pinning. The obtained maximum transconductandént of the IG-PHEMT at; = —0.5 V was less than 0.01
gum, Of the device without Si ICL was 7 mS/mm. nA, which was four orders of magnitude smaller than that of the

On the other hand, insertion of the Si ICL dramaticallpG-PHEMT. The forward gate current remained below 1 nA
improved the DC performance, showing excellent gate contten atV = +1 V, which was six orders of magnitude smaller
and complete channel pinch-off. The maximum drain currertfzan that of the SG-PHEMT. Obtained low gate leakage current
became 4 times larger than those of the IG-PHEMT withogharacteristics not only reduce DC power consumption, but also
Si ICL. Source-drain currents could be well controlled up tallow operations under large gate rf voltage swings since swings
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Fig. 3. On-wafer RF characteristics.

into positive gate voltages are acceptable. The off-state gate[—3
source and gate-drain hard breakdown voltages were as high as
38 V and 39V, respectively, as shown in the inset of Fig. 2(b).
These values were much larger than those of the SG-PHEMTS[.4]

With the fabricated long-gate devices, it is difficult to verify
that the present IG structure improves on-state breakdowr®
voltage of submicron HEMT devices where impact ionization
within the InGaAs quantum well channel limits the breakdown
voltage. However, in SG gate devices, surface state charging il
known to cause inhomogeneous field distributions with strong
local fields near the drain edge [14]. Thus, we expect that[7]
removal of surface states with the present IG technology will
substantially also increase the on-state breakdown voltage.

Fig. 3 shows the on-wafer RF characteristics of the [8]
IG-PHEMT with Si ICL. In spite of a long gate length of
Lg 1.6 um, the device showed respectable RF charac-
teristics. The 0 dB-frequency for the unilateral power gain, [°]
Gy, and that for the maximum available gain, MAG, were
the same. The current gain cutoff frequengy, was 9 GHz
and the maximum oscillation frequenc§y.., was 38 GHz
atVo = —0.4 V andVps = 2V, respectively. These values
of fr and f,,ax SOmewhat inferior to the reported best values[11]
of the conventional SG-HEMT witl.; = 1 xm mentioned
previously which showedgr = 25-60 GHz andf,,.. = 120
GHz. However, these values seem to be respectable as the first
attempt, because, in addition to a longer gate length of 1.
um, device design was not optimized with respect to insulator
thickness and parasitic elements in the present device. Further
improvement of RF performance should be also achieved bMS
reducing the gate length to sub-micrometer and optimizing the
gate design and insulator thickness.

Reliability is an important issue for Ill-V FETs. Surface [14)
states have been reported to cause in SG and IG FETs var-
ious unwanted effects such dsV hysteresis, drain current
kink [15], drain current drift [10],g,, dispersion, gate lag
[16], low S-D breakdown voltage [14], etc. We expect that
successful removal of surface state effects by the present g8f
ICL technology will substantially improve device reliability
and power performance. A preliminary drain-current drift test
under pulsed gate voltage showed only a small and saturatéd!
drift below 0.7% after10* s. This value is similar to what we

(10]

(15]

IEEE ELECTRON DEVICE LETTERS, VOL. 22, NO. 7, JULY 2001

achieved for InGaAs MISFET with Si ICL reported previously

conclusion, a novel InGaAs/InAlAs IG-PHEMT uti-

lizing Si ICL was successfully fabricated, the devices showed
excellent and stable DC characteristics, respectable RF per-
formances, much reduced gate leakage current and very high
off-state breakdown voltages.
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