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Abstract —Characteristics of pseudomorphic inverted HEMT
(P-I-HEMT) are compared with that of pseudomorphic HEMT,
Both devices were fabricated in enhancement-mode by the same
process. P-I-HEMT shows higher maximum transconductance

of 590 mS\mm, and higher K-value of 600 mS/Vmm at thresh-

old voltage of O V, and good pinch-off characteristics than its

counterpart. Noise characteristics of P-I-HEMT are reported
for the first time in this paper. Lower noise figure (1,0 dB at

18 GHz) was obtained in P-I-HEMT, It is conclnded that the

P-I-HEMT structure is suitable for fine gate low noise FET’s.
Furthermore, P-I-HEMT shows far better noise characteristics

than the otkler at low drain voltage and current,

INTRODUCTION

H EMT structures, especially pseudomorphic HEMT

(P-HEMT) structures are used for low noise FET

devices due to their high electron mobility and good

carrier confinement [1]–[3]. A layer structure suppressing

short channel effects with superior carrier confinement is

thought to be very advantageous to fine gate low noise

devices. In this respect, inverted HEMT structure, which

has a GaAs layer located on an AlGaAs, is a prime

candidate of low noise fine gate devices [4]. To maximize

the merits of inverted HEMT, improving transconduc-

tance (g~) by increasing two-dimensional electron gas

(2DEG) concentration and/or by shortening the gate to
channel distance are essential,

In order to increase the 2DEG concentration, InGaAs

strained layer was inserted into the hetero-interface of

inverted HEMT to make its energy band gap larger, This

structure is called pseudomorphic inverted HEMT (P-I-

HEMT) [5]. To shorten the gate to channel distance,

P-I-HEMT is used in enhancement-mode (with positive

threshold voltage). In this P-I-HEMT, our simulation

study shows excellent carrier confinement and suppres-

sion of short channel effects, so it is expected to have an

improved noise property.

In this paper, the microwave and noise properties of

P-I-HEMT’s are studied for the first time, and it is

observed that the P-I-HEMT is suitable for a low noise
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Fig. 1. Schematic cross section of (a) pseudomorphic inverted HEMT
and (b) pseudomorphic HEMT.

device. Its characteristics are compared with that of the

P-HEMT fabricated by the same process.

FABRICATION PROCESS

The P-I-HEMT and P-HEMT structures were grown by

molecular beam epitaxy. The cross sectional view of the

P-HEMT and the P-I-HEMT are indic~ted in Fig. 1. They

have an Ino,zGa0,8As channel of 100 A thickness. In the

P-I-HEMT and the P-HEMT, electron nobilities are al-

most the same value of 6500 cm2/Vs at room tempera-

ture; and 2DEG concentrations are 1.3x 1012 cm-2 and

1.6 x 1012 cm-2 at 77 K, respectively’.

The fabrication process of mushroom-shaped fine gate

electrode is very unique but simple one, which is illus-

trated in Fig. 2 [5]. After two layer photoresist was pat-

terned (the aperture of the upper resist was 0.5 ~m), thin
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Fig. 2. Fabrication process of 0.2 p.m mushroom shaped gate elec-
trode.

Al film was evaporated at a tilted angle of 2CF. By this

angle evaporation, 0.2 ~m slit was formed in Al film on

the silicon nitride (SiN), and then SiN film under Al

aperture was etched by reactive ion etching to expose
GaAs. In enhancement-mode devices, source resistance

tends to increase due to the existing space between gate

electrode and source n + region. To prevent this problem,

the stepped recess gate structure was formed using the

combination of dry and wet etching [6]. The GaAs was

etched anisotropically using electron-cyclotron-resonance-

type dry etcher with chlorine gas first, then recess-etched

by wet etchant isotropically. Gate metal of Ti/Al was

evaporated and lifted off to form the gate cross section as

shown in Fig. 3. The 0.2 pm gate electrode was fabricated

in the inner recess. The upper part of the gate is wider

than the lower part (mushroom-shaped) to reduce gate

Fig. 3. Cross sectional SEM photograph of 0.2 pm mushroom shaped
gate electrode.
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Fig. 4. I-V characteristics of (a) pseudomorphic inverted HEMT and
(b) pseudomorphic HEMT.

resistance, and the former overhangs to source side not to

decrease gain.

DC CHARACTERISTICS

The 1-V characteristics of the P-I-HEMT and the P-

HEMT are shown in Fig. 4. For both devices, the gate

length, width and threshold voltage (~~) are 0.2 ~m,

10 ~m and approximately O V, respectively. The maxi-

mum values of transconductance ( g~ ~a) of P-I-HEMT

and P-HEMT are 590 and 510 mS/mm, respectively.
Comparing the pinch-off characteristics in sub-threshold

region, the superior performance of the P-I-HEMT to the

P-HEMT is observed. Fig. 5 shows the drain conduc-

tance (gds) of P-I-HEMT and P-HEMT as a function of

drain voltages. From the figure, gd of the P-I-HEMT is

recognized to be much smaller than that “of the P-HEMT.

Moreover gd of the P-I-HEMT maintains low value at

small T@, which comes from the good drain current

saturation at small Vd,s. For example, at a Vd of 2 V and

gate voltage (Vg) of 0.5 V, gd of the P-I-HEMT is

9 mS/mm, whereas that of P-HEMT is 23 mS/mm. From

these results, P-I-HEMT has smaller short channel effects
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Drain conductance versus drain voltage of (a) pseudomorphic
inverted HEMT and (b) pseudomorphic HEMT.
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Fig. 7. K-value versus threshold voltage.

and thus is a suitable structure for short gate devices, and

is advantageous in low drain currents (~ds). Fig. 6 shows

the comparison of g~ curves as a function of V8 for both

devices. Better pinch-off characteristics in the P-I-HEMT

is also seen from g~ curves in this figure. A steeper rise

of g~ with increasing V8 in P-I-HEMT is clearly shown.

So the K-value (i.e., extracted from Id= K(Vg – Kh)2,
which represents the gn in small ld region) is expected to

be higher in P-I-HEMT, too. In Fig. 7, the K-value is

indicated as a function of Vt~. As Vt~ becomes more

positive, K-value of P-I-HEMT increases more sharply

than that of P-HEMT. This is because the distance be-

tween gate and 2DEG becomes smaller in P-I-HEMT

than in P-HEMT as ~~ goes positive, and that becomes
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Fig. 8. S-parameters of P-I-HEMT.
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Fig. 9. Equivalent circuit and equivalent circuit constants

larger as V,~ goes negative. In the P-I-HEMT and the

P-HEMT, K-values are 600 mS/Vmm and 430 mS/Vmm

at Vt~ = O V, respectively.

SP AMMETER MEASUREMENTS

The on-wafer scattering parameters (S-parameters)

were measured at frequencies from 0.5 GHz to 40 GHz

with 150 ~m-wide FET’s, The measured S-parameters’ of

P-I-HEMT with ~~ = O V, V.= 0.4 V, ld = 15.9 mA,

Vd = 2 V are shown in Fig, 8, Equivalent circuit constants

were extracted from the measured S-parameters. The

equivalent circuit and some equivalent circuit constants

for both devices are shown in Fig. 9. Bias conditions of

P-I-HEMT with ~~ = O V are the same values noted

above, and those of P-HEMT are Vd = 2 V, P’g= 0.5 V,

1.= 19.0 mA. The gm /gds in RF region were 20.3 for

P-I-HEMT and 13.8 for P-HEMT, respectively. Although

these values are smaller than dc values of 60.3 (P-I-

HEMT) and 18.7 (P-HEMT), P-I-HEMT has higher

g~ /gd value than the other and has the ability of high
gain.
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The short circuit current gain (~21) was extracted from

the ~-parameters, and cut-off frequency (~T) was esti-

mated by extrapolating h21 value to unity with a slope of

– 6 dB/octave. Fig. 10 shows the comparison of ~T ver-

sus gate voltage (~g) in both devices of ~h = O V. A

steeper rise in fT with increasing P’g was observed in

P-I-HEMT. This corresponds to a steeper rise in g~ with

increasing Vg as shown in Fig. 6, so to higher K-value in

P-I-HEMT. The fT at Vg = 0.4 V is 56.7 GHz for P-I-

HEMT and 49.1 GHz for P-HEMT. The maximum fT is

approximately 70 GHz for both devices of Vth = O V.

Fig. 11 shows the comparison of fT versus log Id in

both devices. The fT at smaller drain currents is higher in

the P-I-HEMT, so the P-I-HEMT is expected to have

good noise characteristics at small drain currents. For

example, ~~ at Id = 5 mA is 37 GHz for P-I-HEMT and

26 GHz for P-HEMT. This is due to the good pinch-off

characteristic in P-I-HEMT.

In Fig. 12, fT versus Vg for P-HEMTs and P-I-HEMT’s

of different Vt~ are plotted. Though fT peak value is

maximum at Vth below O V in P-HEMT’s, ~~ peak value

increases as Vth goes positive in P-I-HEMT’s. P-I-

HEMT’s, therefore, have higher ~~ in enhancement-mode

than in depletion-mode.

NOISE CHARACTERISTICS

Noise parameter measurements were performed using

the noise parameter test set NP4 (by ATN). Measured

devices are 150 ~m-wide FET with three gate feeds to

reduce gate resistance. The frequency dependence of

minimum noise figures (F~,~) and associated gains (G,,)
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Fig. 12. Cut-off frequency versus gate voltage for (a) pseudomorphic
inverted HEMT and (b) pseudomorphic HEMT of different threshold
voltages.
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Fig. 13. Minimum noise figures and associated gains versus frequency.

at Id = 15 mA, V~ = 2 V for P-HEMT and P-I-HEMT are

shown in Fig. 13. Fm,n are about 0.1 dB smaller and the

G,, are 1 dB larger for the P-I-HEMT than for the

P-HEMT in the frequency range from 6 GHz to 18 GHz,

The F~i~ at 12 GHz and 18 GHz are 0.56 dB (Gas 11.0

dB) and 1.01 dB (Ga, 10.9 dB) for the P-I-HEMT, and

0.66 dB (G~< 10.1 dB) and 1.14 dB (G,, 9.9 dB) for the

P-HEMT. ‘“
At small ‘drain voltages, P-I-HEMTs have superior

characteristics than P-HEMT’s, because the former shows

good current saturation at low drain voltages as shown in

Fig. 4. Fig. 14 shows F~l~ and G,, versus V~ at 12 GHz

and Id = 15 mA. In V~ region smaller than 1 V, degrada-

tion of noise characteristics is not so fierce in the P-I-

HEMT as in the P-HEMT. 17~i~ at 0.6 V and 0.4 V are

0.66 dB and 1.01 dB for the P-I-HEMT, and are 0.98 dB

and 2.71 dB for the P-HEMT, respectively. These lower

F~i~ in small V~ region for the P-I-HEMT are thought to

be due to early drain current saturation and small gd in

this region. Lower F~i~ is obtained for the P-I-HEMT
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than itscounterpart also inthe Vd region from 1Vto4V.

In this region, P-I-HEMT’s have better pinch-off charac-

teristics than P-HEMT’s.

At small drain currents, P-I-HEMT’s have superior

characteristics than P-HEMT’s, because of the good

pinch-off characteristics in this region, Fig. 15 shows F~i~

and Gas versus Id at 12 GHz and Vd = 2 V. Little degra-

dation of F~i~ ‘@ seen down to Id= 5 mA in the

P-I-HEMT, whereas F*ln of the P-HEMT degrades at

small Id, At Id= 5 rnA, Fmln are 0,58 dB (G., 8,78 dB) for

P-I-HEMT and 1,18 dB (Ga, 6,68 dB) for P-HEMT. So

the P-I-HEMT is proved to be useful in small drain

currents. Moreover, the P-I-HEMT maintains low Fmln in

Id region from 5 mA to 20 rnA, so it can be used with a

wide margin about drain current.

From these results, enhancement-mode P-I-HEMT’s

show better noise characteristics at small drain currents

and for small drain voltages than P-HEMT’s, so they are
advantageous for low noise devices with low power con-

sumption. There is stili room to make a much lower Fmln
by reducing Cg,. Here, Cg$ has become high owing to the

rather large overhang of the gate electrode and to the

large dielectric constant of SiN under the overhang. When

Cg, is reduced by narrowing the upper part of the gate

TABLE I
TYPICAL PERFORMANCE DATA OF P-I-HEMT AND P-HEMT

P-I-HEMT P-HEMT

Current Pinch-Off Good Poor

gd in dc (Vd = 2 V, P’g= 0.5 V) 9 mS/mm 23 mS\mm

g~max (Vd= 2V) 590mS\mm , 510mS/mm
K-value 600mS)Vmm 430 mS\Vmm
gfn/gal, ‘n ‘F* 20.3 13.8

f=fiaX (Vd = 2 V)* “70 GHz 69 GHz

f. (V. = 2 V, Id= 5 mA)* 37 GHz 26 GHz

F mm vd=2v, zd=15mA* 0.56dB 0.66 dB
(12 GHz) Vd = 0.6 V, Id = 15 mA* 0.66 dB 0.98 dB

Vd=2V, IJ=5mA* 0.58 dB 1.18 dB

l’o.~ (– 1 dB) at 12 GHz* 5.5 ‘dBm 3.5 dBm
Vd=2V, Zd=15mA

‘W, = 150 pm
I,g = 0.2 pm, V,h = O V (enhancement-mode)

electrode and by eliminating the SiN under that, noise

characteristics could be improved.

Noise characteristics of P-I-HEMT’s, as they do not

show the obvious short channel effects even at this gate

length, are expect~dto be further improved by adopting it

to devices of under 0.2 ~m gate length. In addition, the

use of enhancement-mode low noise FET will have the

merit of simplifying the power supply circuit, especially in

the MMIC’S.

For low noise applications, such as a head amplifier,

the device must have a certain amount of output power to

avoid intermoduration problem, which might be consid-

ered to be uneasy in enhancement-mode operation. Then

the output power was measured at 12 GHz, Id= 15 mA

and Vd = 2 V, The measured 1 dB compression power was

5,5 dBm for P-I-HEMT and 3.5 dBm for P-HEMT. These

are sufficiently high values to be used in a conventional

low noise application.

CONCLUSION

Enhancement-mode pseudomorphic inverted HEMT’s

(P-I-HEMT’s) were fabricated and the properties were
compared with pseudomorphic HEMT’s (P-HEMT’s).

Dry/wet recess etching process and mushroom-shaped

gate electrode was adopted to reduce source and gate

resistance, respectively.

The typical performance data were indicated in Table

I. 1P DC characteristics of enhancement-mode FET, the

P-I-HEMT has better pinch-off property, smaller gd, and

higher gn and K-value than its counterpart. At ~~ = O V,

obtained gd, gn mm and K-value are 9 mS/mm (Vg =

0.5 V), 590 mS/mm and 600 mS/Vmm in P-I-HEMT,
and 23 mS/mm (Vg = 0,5 V), 510 mS/mm and 430

mS/Vmm in P-HEMT.
From S-parameter measurements, equivalent circuit el-

ements and cut-off frequency were extracted. The g~ /gd

value is 20.3 in P-I-HEMT, that is higher than the value

13.8 in P-HEMT. The P-I-HEMT has steeper increase of
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f~ with Vd, and has a higher value of fT at low drain

currents. The maximum fT is approximately 70 GHz for

both devices. Though ~* peak VdUe k tIEiXimUm at Vth

below O V in P-HEMT, fT peak value increases as ~h

goes positive in P-I-HEMT. Hence the P-I-HEMT is

more effective in enhancement-mode.

In the noise measurement, the P-I-HEMT exhibits a

minimum noise figure 0.1 dB lower and an associated

gain 1 dB higher than the other in the frequency range

from 6 GHz to 18 GHz. F~i~ and G,, at 12 GHz are 0.56

dB and 11.0 dB. In P-I-HEMT, little noise degradation

are seen both in wider drain voltage region from below

1 V to 4 V and in wider drain current region from 5 mA

to 20 mA. P-I-HEMT can be used with a wide margin

about drain voltage and drain current. Moreover, it has

far better noise characteristics even at small V~ and Id,

and hence has the capability of realizing low noise devices

with low power consumption. Noise characteristics of

P-I-HEMT are expected to be further improved by adopt-

ing it to devices of under 0.2 pm gate length.
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