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Fabrication and Characterization of InGaAsjlnAlAs 
Insulated Gate Pseudomorphic HEMTs Having a Silicon 
Interface Control Layer 

Yong-Gui XIEt, Nonmember, Seiya KASAIt a ), Regular Member Hiroshi TAKAHASHIt 
.!. ' , 

Chao JIANG', Nonmembers, and Hideki HASEGAWAt, Fellow 

SUMMARY A novel InGaAs/InAIAs insulated gate (IG) 
pseudomorphic high electron mobility transistor (PHEl'vIT) hav
ing a silicon interface control layer (Si ICL) is successfully fabri
cated and characterized. Systematic efforts to characterize and 
optimize the insulated gate structure and the PHEl'vIT fabrica
tion process were made by using in-situ X-ray photoelectron 
spectroscopy (XPS) and capacitance-voltage (C-V) techniques. 
This led to successful fabrication of a novel IG-PHEl'vlT show
ing excellent stable DC characteristics with a good pinch off and 
a high transconductance (l77mS/mm), very small gate leakage 
cnrrents, very high gate breakdown voltages (about 40 V) and 
respectable RF characteristics fT = 9 GHz and fma.r = 38 GHz. 
key words: insulated gate, PHEMT, InGaAs, interface control, 
Fermi level pinning 

1. Introduction 

Realization of a good insulated gate (IG) structure with 
acceptably low interface state densities on III-V com
pound semiconductors has been a long standing issue 
clue to strong Fermi level pinning which takes place at 
the insulator-II 1-V compound semiconductor interface 
due to high-density interface states [1], [2]. Previous 
III-V insulated gate field effect transistors (IGFETs) 
suffered from problems such as poor gate controlla
bility, large drain current drift and poor reliability. 
Only very recently, a novel approach for GaAs us
ing a Ga203jGd203 [3H5] structure has realized a 
well behaved n-channel depletion mode GaAs metal
insulator-semiconductor field effect transistors UvIIS
FETs) [.5], although the performance of the enhance
ment mode device seems to be still poor. Thus, field 
effect transistors based on I II-V semiconductors usu
ally depend on Schottky gate structures in contrast to 
the case of silicon metal-oxide-semiconductor field effect 
transistors (MOSFETs). In fact. availability of stable 
Schottky barriers with high barrier heights have made 
GaAs-based metal-semiconductor field effect transis
tors (MESFETs) and high electron mobility transistor 
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(HEMT) devices commercially viable. 
On the other hand, Schottky barriers in InP

based materials, in general, do not well behave as 
those of GaAs and related materials [6]. Thus, 
the InP-based InGaAsjlnAlAs pseudomorphic HEMT 
(PHEMT) with the conventional Schottky gate struc
ture is subject to various potential problems partiCll
larly in high power applications. Namely, the prob
lems are large DC gate leakage current, low breakdown 
voltage, poor RF power handling capability, poor re
producibility and reliability. These are due to the low 
and unstable barrier height at the Schottky interface as 
well as due to forward conduction inherent in the Schot
tky gate structure. Since the InP-based PHElVIT is a 
promising candidate for the key device in next genera
tion ultra-high-speed wireless and optical communica
tion systems due to its unsurpassed excellent high fre
quency performance [7], [8], solution of the above men
tioned problems by employing a suitable IG structure 
is highly desirable. 

As an effective surface passivation technology for 
III-V semiconductors, use of a silicon interface control 
layer (Si ICL) was proposed by Hasegawa et al. [9] for 
GaAs and InGaAs, and detailed structural and elec
tronic characterization have been made [10], [11]. The 
effectiveness of this technology has been clarified in a 
macroscopic way by dramatic increase of photolumines
cence from near-surface AlGaAsjGaAs quantum wells 
[12] and InAlAsjlnGaAs quantum wires [13] as well 
as by realization of stable InGaAs MISFETs [14]. A 
preliminary attempt to realize an InP-based insulated 
gate (IG) HEMT was made which gave a promising DC 
result [15], and indicated necessity for a further system
atic study. More recently, a scanning tunnel microscopy 
(STM)jscanning tunnel spectroscopy (STS) study also 
has been made on a clean i\IBE GaAs surface, showing 
the effectiveness of the Si ICL in a microscopic atomic 
scale [16]. 

The purpose of this paper is to systematically' op
timize the Si ICL-based insulated gate technology for 
the InGaAsjIllAlAs structure and to fabricate an InP
based IG-PHEI\IT device based on this optimization. 
The first DCjRF results were briefly reported elsewhere 
[17]. In this paper, especially, the details of the design. 
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fabrication and characterization of the IG structure and 
the IG-PHEMT device are presented. The optimized 
IG structure has led to successful fabrication of a novel 
IG-PHEMT showing excellent stable DC characteris
tics with a good pinch off and a high transconductance, 
very small gate leakage current, very high gate break
down voltage and respectable RF characteristics (iT = 

9 GHz and fmax = 38 GHz). 

2. Novel Gate Structure and Its Characteriza
tion 

2.1 Gate Structure and Control of Quantum State 

The structure of the novel insulated gate having a Si 
ICL applied to a standard InP-based PHEIvIT wafer 
structure is schematically shown in Fig. 1. In this struc
ture, an ultrathin pseudomorphic Si layer grown by 
molecular beam epitaxy (MBE) is inserted between 
a Si-based insulator and the standard PHEMT wafer 
which usually has an InGaAs cap layer. It should be 
noted that the Si ICL is formed directly on the InGaAs 
cap layer. This is because the natural oxide layer of the 
InGaAs cap layer is easier to remove than that of the 
InAIAs layer which is inevitably formed by etching the 
InGaAs cap layer. 

In Fig. 1, it is assumed that the thickness of the 
Si ICL is smaller than the critical layer thickness of 
Si on InGaAs so that the Si ICL maintains pseudomor
phic lattice matching to the underlying InGaAs/lnAIAs 
structure. It is also assumed that the Si ICL forms a 
high quality interface with the Si-based insulator with 
an acceptably low interface state density. When these 
two conditions are satisfied, ordered and coherent bond
ing transition from the III-V semiconductor to the Si
based insulator is achieved, and generation of interface 
gap states within the energy gap of the Si 1CL should 
be suppressed according to the disorder induced gap 
state (DIGS) model for the Fermi level pinning [2]. 

Additionally, one has also to pay attention to the 
band states of the Si ICL, since a significant band gap 

Si ICL 

I------------.----ri InO.53Ga0.47As 
cap layer 
with uniform 
or delta 
Si doping 

InP-based 
PHEMTwafer 

Ino.52Alo.48As buffer I structure 

~------------~! 
S. I. InP (001) 

Fig. 1 A novel insulated gate (IG) structure for a InP-based 
PHEMT. 
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narrowing of the Si is expected due to tensile stress 
at the interface. The calculated band line-up in the 
new gate structure using the model solid theory [18] is 
shown in Fig. 2(a). The actual calculation procedure is 
fairly complicated and is described elsewhere [19]. It 
is anticipated in Fig. 2(a) that the Si conduction band 
states below the conduction band edge of the InGaAs 
cap layer will behave like interface states. This prob
lem can be avoided by using a sufficiently thin Si ICL 
where the electron band states are pushed out from the 
ultra-narrow Si surface quantum well. A quantum me
chanical calculation similar to that made for GaAs [111 
and InP [20] gave a result shown in Fig. 2(b). Accord~ 
ing to this, the thickness of the Si ICL should be below 
0.6nm. 

2.2 Fabrication of New Insulated Gate Structure 

Fabrication, characterization, and optimization of the 
new insulated gate structure were done in an ultrahigh 
vacuum (UHV)-based growth/fabrication/ characteriz
ation system where an MBE chamber, an electron 
cyclotron resonance (ECR) chemical vapor deposition 
(CVD) chamber, an X-ray photoelectron spectroscopy 
(XPS) chamber, a contactless capacitance-voltage (C
V) measurement chamber and other UHV-based cham
bers are connected by a common UHV transfer cham
ber. The base pressure of the system was 1 x 10-10 

Torr. 
As the first step of the gate structure fabrication, 

InGaAs/lnAlAs PHEMT wafers with InGaAs cap lay
ers were grown on both semi-insulating and n+ semi
conducting (001) In.p substrates in the MBE cham-

Fig.2 

Ec ~Si ICL InGaAs channel 
~ InAIAs ~ 

Si-based InGaAs ~ 

insulato~ t~ Ec 

> 

c.Ec = 0.80eV I 1.68eV 
111 I i 
~0.8geV I 

Eg = 0.22eV~~ 1 Ii 
~.~.:-::=-- L- Ev 

Ev 

.J c.Ev = 0.13eV 

(a) 
0.0.--__ ---------, .. InGaAs 

Ec 

~ 0.2 
() 

w 
<l 
§! 0.4 
U 
& 
w 0.6 

strained 
o .80~-'--;-~--;::--'----;;-~~'--;4 .. Si Ec 

1 2 3 
Si ICL thickness (nm) 

(b) 

Calculated band line-up in the novel gate structure. 
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ber with metallic Ga, In, Al and As sources. The 
pBEMT structure included from the bottom, a 200 nm
thick InA lAs buffer layer, a 10 nm-thick pseudomor
phic Ino.7Gao.3As channel layer, a 5 nm-thick InAIAs 
.spacer layer, a 30 nm-thick InAIAs barrier layer and a 
top 10 nm-thick Si doped n+ -InGaAs cap layer (N D = 

:) >< 1018 cm-3). Either uniform or delta Si doping was 
wade into the InAIAs barrier layer, Typical values of 
the Ball mobility and sheet carrier density at 300 K 
were 7700 cm2 /V sand 1.9 x 1012 cm -2, respectively. 
After the growth, the wafers were taken out to air, 
This was intentionally done to develop an insulated 
(Yate fabrication process which is applicable to commer
~ial PHEMT wafers with air exposed surfaces. For the 
purpose of investigating the electronic properties of the 
Si ICL-InGaAs interface directly by the C-V method, 
thick n-InGaAs layers were also grown directly on the 
Il' -InP substrates. 

Then, a systematic XPS study was made to opti
mize the surface preparation prior to the Si ICL for
mation. Since the n+ -InGaAs cap layer was primarily 
important to obtain good source and drain ohmic con
tacts. a simplest idea was to completely remove the cap 
layer by recess-etching after ohmic contact formation. 
However, in this case, the InAIAs layer was exposed to 
the air and an native oxide layer was inevitably formed. 
It was found extremely difficult to remove the resultant 
Al oxide component and the IG FET devices with such 
an oxide layer did not work even when the Si ICL was 
inserted. On the other hand, we previously found that 
the native oxide layer on the InGaAs surface could be 
completely removed by the HF treatment [21]. This 
solution led to an As-rich surface after oxide removal, 
but stoichiometry of InGaAs was completely recovered 
after Si ICL deposition. 

In the present device, we also found empirically 
t hat the optimum surface treatment was to leave a 
very thin InGaAs cap layer of 1 nm or so. 'With such 
a layer with 0.5 nm Si ICL, the Si donors in the In
GaAs cap layer with a sheet carrier concentration be
low 5 x lOll cm-2 are expected to remain neutral due to 
strong quantum confinement, giving no important con
trihntions to surface conduction and to the threshold 
voltage control. 

Therefore, after formation of ohmic contacts, the 
10 11m-cap layer was recess-etched down to a few nm in
cluding a thin surface native oxide layer of about 1 nm 
or so by H3P04-based etchant and then, the native 
oxide layer was completely removed by the HF treat
ment. XPS study showed about 10 A (1 nm)-thick cap 
layer remained after this process. To avoid uninten
tional oxidation, the pre-growth HF surface treatment 
Was done in a N2 ambient and the sample was quickly 
loaded into the MBE chamber keeping the sample in 
the N2 ambient. 

The growth of the Si ICL was done again in the 
~IBE chamber, using the Si Knudsen cell as Si source. 
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The Si deposition rate was calibrated by the Si dop
ing rate into GaAs. Typically, 1 nm-thick Si layer was 
grown at substrate temperatures of 250-290° C at which 
temperature inter-diffusion of Si into InGaAs is negligi
ble. The thickness of the Si ICL was kept below the crit
icallayer thickness of the Si on InGaAs which is 1.5 nm 
according to the well known formula by Matthews and 
Blakeslee [22]. Pseudomorphic growth of Si was con
firmed by the streak patterns of the reflection high en
ergy electron diffraction (RHEED) measurement. 

Thickness adjustment of the Si ICL and formation 
of high quality interface between the Si ICL and the 
outer Si-based insulator are obviously critical factors 
for successful formation of the present new gate struc
ture. Preliminary attempts of forming the Si ICL to 
the required thickness of 0.6 nm followed by direct ECR 
plasma CVD deposition of Si02 or Si3N4 gave very poor 
interface properties. This was due to uncontrollable in
homogeneous interface reactions. Particularly, excited 
oxygen radical species penetrated through the Si ICL 
and oxidized the InGaAs underneath in the case of de
position of Si02 . After various trials, the best proce
dure we found was to grow a thicker Si ICL of about 
1 nm at first, and then to do partial surface nitridation 
of the Si ICL by irradiating the surface with the N2 
plasma in order to obtain an ultrathin SiNx/Si struc
ture with the optimum Si thickness. Detailed in-s'itu 
XPS measurements were made for in-situ process opti
mization of the ultrathin SiNx/Si structure. Examples 
of angle resolved XPS data are given in Figs. 3(a) and 
3(b), showing the presence of the utlrathin Si layer and 
the silicon nitride component. A quantitative analysis 
of these data using the photoelectron penetration depth 
data gave the thickness of the silicon nitride of 0.7 nm 
in this example. 

Finally, a thicker Si02 or Si3N4 was deposited as 
the main gate dielectric by standard CVD procedure, 
followed by deposition of the gate metal. In this study, 
a 40 nm Si02 was deposited by the plasma CVD pro
cess, and vacuum deposited Cr/ Au was used as the gate 
metal. Thus, the optimum insulated gate structure that 
we achieved and used in the device fabrication in the 
present study had the structure shown in Fig. 3( c). 

2.3 Capacitance-Voltage Analysis 

In order to assess the interface quality of the novel 
gate structure, three types of MIS capacitors shown 
in Figs.4(a)-(c) were fabricated. The structure in 
Fig.4(a) is a simple InGaAs MIS sample to directly ob
tain information on the Si ICL/lnGaAs cap interface, 
and those in Figs. 4(b) and (c) are the vertical and lat
eral MIS capacitors having the complicated PHEMT 
wafer structure actually used in the device fabrica
tion. It should be noted that the InGaAs cap layer 
was recess-etched to about 1 nm in Figs. 4(b) and 4( c) 
similarly to fabrication of the IG-PHEMT device. The 
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c-V characteristics these samples were measured in de
tail within the temperature range of 50 K-300 K and for 
the frequency range of 1 kHz-I0 MHz. Since the discus
sion of such detailed data are beyond the scope of the 
present paper, they will be presented elsewhere [19], 
and only a brief summary is given below. 

The InGaAs MIS capacitor with a Si IeL shown 
in Fig. 4(a) showed an excellent interface property with 
a U-shaped interface state density distribution with its 
minimum in the range of 1010 cm-2 eV- 1 in agreement 
with the previous result [21]. 

The important question is whether such a good 
interface quality is maintained in the actual PHEMT 
capacitors. It turned out rather unfortunately that the 
capacitors in Figs. 4(b) and 4( c) show strong frequency 
dispersion under accumulation bias which is similar to 
those of conventional GaAs MIS capacitors. Examples 
of observed frequency dispersion of capacitance mea
sured at 300 K for the lateral capacitor structures in 
Fig.4(c) are shown in Figs.5(a) and 5(b) for the case 
of without and with Si IeL, respectively. Both show 
similar strong frequency dispersion of capacitance un
der accumulation bias, and presence of high density of 
interface states is suspected. 

Fig. 3 (a) and (b) Angle resolved XPS data for SiNx/Sij 
InGaAs structure. (c) The optimum IG structure used for 
PHEMT fabrication. 

However, subsequent frequency-temperature anal
ysis showed that two capacitors behave very differently 
as shown in Figs. 5(c) and 5(d). In the case of the sam
ple without Si IeL, frequency dispersion showed strong 

SiNx 

p~",,--,,-~--,-..:....;c=r Si ICL 

n-lnO.53Ga0.47As 1200 nm 

n+-lnP (001) 

(a) 

InO.53Ga0.47As 

InO.53Ga0.47As 
cap layer 

cap 

Si ICL 
~~===:::::::==1t-1 nm 

30nm 

Si delta -t::::E~~~~~~1i5 nm 
doping 10 nm 

200 nm 

(b) 

~~===~=1 

SiNx 

Si ICL 

~~~-,.....--;c::-::-=-=-::-::-::-1""Si delta 
doping 

InAIAs buffer 

S. I. InP (001) 

(c) 

Fig. 4 MIS capacitor structures used for interface assessments. 
(a) InGaAs !'vIIS capacitor, (b) vertical PHEMT MIS capacitor 
and (c) lateral PHEMT MIS capacitor. 
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400 with SilCL 1KHz 

LL 
300K 

3300 2KHz 
<D 3KHz 5KHz 
<.l 
c 4KHz 10KHz C1l 

'8 200 
C1l 20KHz 
CL 
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100KHz 
200KHz 

0 
-3 -2 -1 0 1 2 3 
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(b) 

400 with SilCL 

LL 
VG = 2.5 V 

3 300 
<D 300K 
<.l 
C 

.~ 200 
77K u 

C1l 
CL 

c3 100 

~~ 1~ 10 1~ 1~ 1~ 
Frequency (Hz) 

(d) 

Ci Ri 

(e) 

Fig. 5 Observed capacitance-voltage (C-V) and capacitance-frequency (C-J) data for 
lateral PHEMT MIS capacitors. (a) and (b) C-V curves without and with Si ICL. (c) 
and (d) C-f curves without and with Si ICL. (d) Equivalent circuit of the lateral diode. 

temperature dependence as seen in Fig. 5( c). This in
dicates that the dispersion is indeed due to interface 
states that lie deep in the energy gap. 

For further discussion, a simplified equivalent cir
wit of the present MIS structure including the effect of 
t he interface states by a single time constant model [23] 
is shown in Fig.5(e). Here, C1 is the insulator capac
itance, Ci is the interface state capacitance, Hi is the 
carrier supply resistance of the interface state, C B is 
t he semiconductor depletion layer capacitance, and Rs 
anel C s are the lateral resistance and capacitance of the 
channel layer. C i is proportional to the interface state 
density and Ri is inversely proportional to it, so that 
the product RiCi corresponds to the emission time con
stant of the interface state at the Fermi level. At room 
temperature, the value of the time constant RiCi was 
pstimated to be 10-3-10-4 sec, explaining the observed 
dispersion. Since the emission time constant increases 
('Xponentially with temperature reduction, the behcw
i()r in Fig. 5(c) was also quantitatively consistent with 
t he interface state model. 

On the other hand. in the sample with Si ICL, the 
observed very weak temperature dependence shown in 
Fig. 5(d) cannot be explained by such an interface state 
rnode!. A further careful analysis using the equivalent 

circuit in Fig. 5( e) led to the conclusion that the dis
persion is simply due to a much less temperature de
pendent series lateral resistance, Rs , that cannot be 
avoided in the lateral sample structure. Thus, a good 
interface without Fermi level pinning is maintained in 
the PHEMT MIS structure with Si ICL and accumula
tion is achieved in the sample. 

To further check the validity of the present inter
pretation, the effective channel depth was estimated 
from the capacitance data in Fig. 5(b). The gate insu
lator capacitance, C I, was estimated to be 400 pF from 
the measured low-frequency capacitance in the accumu
lation region, Vc » 0 V. The low frequency capacitance 
value in Fig. 5 (b) under large negative gate voltages can 
be interpreted as a series connection of CJ and CB, as
suming Ci = O. From this, CB was found to be 160 pF. 
Then, the effective channel depth, d, is estimated to be 
31 nm from the simple equation, CB = crcoS/d, where 
c,. is dielectric constant of the barrier layer and S is the 
electrode area (here, S = 4.3 X 10-.1 cm2). This val1le 
reasonably agrees with the designed channel depth of 
35nm. 

On the other hanel, in the vertical PHEMT MIS 
structure shown ill Fig. 4(b), presence of similar fre
quency dispersion wa;; also seen for the case of with 
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and without Si ICL. However, a detailed analysis gave 
a similar conclusion with a different mechanism as dis
cussed elsewhere [19], [24] and a good interface without 
Fermi level pinning was obtained for the sample with 
Si ICL. 

3. Fabrication and Characterization of IG
HEMTs 

3.1 Device Structure and Fabrication Process 

Using the optimized insulated gate structure, IG
PHEMT devices were fabricated. The cross-sectional 
structure of the device is shown in Fig. 6. The device 
has the optimized novel insulated gate structure shown 
in Fig. 4(a). 

The sequence of the device fabrication process is 
shown in Fig. 7. The details are given below. 
(1) Device isolation by photolithography and wet 
chemical etching with a solution of H3P04:H202:H20 
= 1:1:38. 
(2) Formation of Gel AulNi source and drain elec
trodes in the air and alloying at 370°C, 5 min, in N2 . 

(3) Pre-growth surface etching and treatment in 

Cr/Au 

InO.52AI0.48As buffer 

S. I. InP (001) 

Si ICL 
(-0.5 nm) 

InGaAs cap 
(-1 nm) 

Si Ii-doping 

Ohmic alloy 
regions 

Fig. 6 Cross-sectional structure of InGaAs/lnAIAs 
IG-PHEMT. 

mesa etching 

Ge/Au/Ni ohmic contact formation 

surface treatments by H3P04 and HF I 
-CJ... 

Si ICL formation 

partial nitridation 

Si02 deposition 

Cr/Au gate metal formation 

Annealing 

-, 
UHV 
in-situ 

-.J 

Fig. 7 Process sequence for fabrication of IG-PHEMT. 
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H3P04-based etchant and HF solution, respectively, 
under N2 atmosphere. 
(4) Formation of Si ICL by MBE at a substrate tem
perature of 280°C, its surface nitridation by irradiation 
of N2 plasma in the ECR chamber and deposition of 
Si02 in the UHV system. 
(5) Formation of a Crl Au gate electrode by standard 
photolithography and lift-off process. 

A micrograph of the fabricated device is given 
in Fig. 8. The device had two-finger channel and a 
gate length, L e , of 1.6 f.1m and the gate width in each 
channel, We, of 65 f.1m (the effective channel width ::::: 
130 f.1m). 

3.2 DC Characterization 

IDS- VDS characteristics of the fabricated IG-PHEMTs 
without and with Si ICL are shown in Figs.9(a) and 
9(b), respectively. It should be noted that voltage 
scales are different in these figures. Namely, it was 
found that the devices without Si ICL were very frag
ile and easily broke down. Therefore, they could be 
characterized at only small drain voltages. We found 
that high density interface states having U-shaped dis
tribution including both donor and acceptor like states 
exist in insulator IInGaAs interfaces without Si ICL. 
Charging of these states tends to cause dielectric break
down in the insulated gate, as well as lateral break-

Fig.8 A photograph of the fabricated IG-PHEMT. 

5 without Si ICL 

LG = 1.61Jm 
4 WG=651Jm 

;;( 3 
5 
(j) 

S'2 

0.4 0.8 1.2 
VDS (V) 

(a) 

-0.2 V 

-0.4 V 

-0.8 V -0.6 V 

2 3 4 5 
VDS (V) 

(b) 

Fig.9 IDS-VDS characteristics of IG-PHEMTs (a) without Si 
ICL and (b) with Si ICL. 
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down due to complex surface electric field distribution 
along the channel, creating a local high-field region . 
. \5 seen in Fig.9(a), the lG-PHEMT without Si lCL 
~howed poor gate controllability and small drain cur
;-ents. The kink in drain currents was often seen, which 
\I·ns similar behavior to well-known kink in sub-micron
,'·1te II l-V semiconductor FETs. The observed kink in 
;;Il' present long-gate devices without Si lCL is strongly 
related to the surface states as discussed by Rocchi [25]. 
The channel could not be pinched off either. These are 
most likely due to presence of strong Fermi level pin
ning. The obtained maximum transconductance, gm, of 
the device without Si lCL was 7mS/mm for the device 
with Lc = 1.6 f..Lm. 

On the other hand, use of the Si lCL led to dra
lllatic improvements of the DC characteristics of the 
device. An excellent gate control and complete chan
nei pinch-off are seen in Fig. 9(b). The maximum drain 
CllI"rents became 4 times larger than those of the de
I·ice without Si lCL. Source-drain currents could be 
well controlled up to VDS = 5 V without any kink ef
fects. A maximum gm of 177 mS/mm was obtained at 
Vc = 0 V for Lc = 1.6 f..Lm, being twenty times larger 
than the best gm value of 7 mS/mm of the IG-PHEMT 
without Si ICL. The gm of the conventional Schottky 
gate (SG)-HEMTs with Lc = 1 f..Lm was reported to 
be 210-377mS/mm [26]. Taking account of a larger 
Lc of 1.6 f..Lm in the fabricated IG-PHEMT, the ob
tained gm value of 177mS/mm is comparable to that 
of the SG-HEMTs. This shows that the fabricated lG
PHE?lIT realized good gate controllability. All of these 
improvements are due to the removal of the Fermi level 
pinning being consistent with the capacitance-voltage 
;l.~sessment. It seems that gm values can be increased 
fllrther to those of conventional sub-micron InP-based 
SG-PHEMTs by reducing the gate length. 

As for the threshold voltage, Vt/l) the observed 
mine was -0.6 V. A simple estimate of the threshold 
voltage was made using the following formula. 

vth = -qns(1/Cf + l/CB) + CPAJ/q - \:s 
- 6Ec/q (1) 

where CPA! is the work function of the gate metal, xs 
is the electron affinity of the semiconductor. 6Ec is 
t he conduction band offset in the lnGaAs/InAIAs sys
t(~nl. Assuming CPA! = 4.3eV(Cr), xs (InA1As) = 
:1.2V. 6Ec = 0.55eV: ns = 1.9 x 1012cm2 . (l/Cf + 
l/CB)-l = 2.7 x 1O-7 F/crn2 from the C-V measure
llH'nts. then, vth was estimated to be -0.58 V. This 
\·alne agrees with the observed one. 

Gate leakage currents of the IG-PHEl\IT with Si 
ICL and a SG-PHEMT are compared in Fig. 10. The 
rf'WTse leakage current of the IG-PHEl\IT at Vc = 
-0.;) V was less than 0.01 nA. This was four orders of 
lllagnitude smaller than that of the SG-PHE~IT. The 
forward gate current remained below InA even at Vc 
"" + 1 V. This vallle was 6 orders of magnitude smaller 
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Fig. 11 On-wafer RF characteristics of the IG-PHEI"vlT. 

than that of the SG-PHEMT. Obtained low gate leak
age current characteristics are useful not only for reduc
tion of DC power consumption, but also for operations 
under large gate voltage swings. The off-state gate
source and gate-drain hard breakdown voltages were 
found to be as high as 38 V and 39 V, respectively: as 
shown in the inset of Fig. 10. These values were much 
larger than those of the SG-PHEMTs. 

3.3 RF Characterization 

The llleasured on-wafer RF characteristics of the IG
PHEJ\IT with Si ICL are shown in Fig. 11. In spite of 
a long gate length of Lc = 1.6 f..Lm, the device showed 
respectable RF characteristics. The 0 dB-frequency for 
the unilateral power gain, G u: and that for the maxi
lllum available gain, MAG. were the same. The current 
gain cutoff frequency. fT, was 9 GHz and the maximum 
oscillation frequency, fmax. was 38 GHz at Vc = -0.4 V 
and VDS = 2 V, respectively. These values of iT and 
fm(1:11 were smaller than the reported values of a conven
tional SG-HEi'IiT with Lc = 1 {LIll, which showed fy = 
25·60 GHz and fmax = 120 GHz, respectively [27]. The 
reasons of this seems to be tine to a longer gate length 
of 1.6/Llll: as well as llnoptimized device design with re
spect to insulator thickness and parasitic elements. Use 
of a sub-micron gate length. optimization of the gate 
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insulator thickness and reduction of the parasitic resis
tance and capacitance will result in the improvement 
of the RF characteristics of the novel IG-PHEMT. 

4. Conclusion 

A novel InGaAs/InAIAs insulated gate (IG) PHEMT 
having a silicon interface control layer (Si ICL) was 
successfully fabricated and characterized. Systematic 
efforts to characterize and optimize the insulated gate 
structure and the PHEMT fabrication process were 
made using in-situ XPS and capacitance-voltage tech
niques. 

This led to successful fabrication of a novel IG
PHEMT showing excellent stable DC characteristics 
with a good pinch off and a high transconductance (gm 
= 177mS/mm), very small gate leakage currents, very 
high gate breakdown voltages respectable RF charac
teristics (fT = 9 GHz and fmax = 38 GHz). 
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