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6-3 NIGN nscrnon-uomurv TRANSIS TORS (HE )
GaAs integrated circuits (ICs) is the result of -

Theiuiogos high'sffifiiing the superior electronic properties of gallium s
mobility in the MESFET channe| with

technological progress Ut -
ith those of silicon. Electron mc ‘
compared wi of about 107 cm™* ranges from 4000 to 5000 il

:':Jlnf ?:;rpg:::‘lfnigfr'?t:gn;obility in the c_hanngl at 77° K. is not too much hj s &
a room temperature because of ionizedﬁrmplfrlty scattering. In lfﬂdoped GaAs, oy
ever. electron mobility of 2 to 3 X 10° cm?/V s has t?een achlevleq al MK

2 electron concentrations for facilitating the b,

mobility of GaAs with feasibly hig}_: ) :
cation of devices was found to increase through ‘modulauon-dopmg technique,
demonstrated in GaAs—AlGaAs superlattices [8]. A high electron-mobility transig,

(HEMT). based on a modulation-doped GaAs—AlGaAs single heterojunction stry.
ture, was developed (9]. HEMTs have exhibited lower noise figure and higher gaing
microwave frequencies up to 70 GHz, and it is possible to construct HEMT ap.
plifiers at even higher frequencies of operation. The major improvements over MES.
FETs include shorter gate lengths, reduced gate and source contact resistances, a

optimized doping profiles.

6-3-1 Physical Structure

gned gate procedures in the fabi

large-scale integration H
; E i : -
(depletion-mode) HEMT, MTs, Including the E-(enhacement-mode)

he processing steps include the following:
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2 DLG  Undoped AlGaAs

Undoped GaAs

Sl Figure 6-3-1 A cross section of a
GuAs S.1 HEMT (From K. Togashi et al. [10]:
+ TH reprinted by permission of Microwave
Journal.)
Ohmic contact Insiltitor Pliotoresist

GuAs
Cap layer t— AlGaAs

AlGaAs Gas
i

Semi-insulating L\E!Nlm“ Hyet \ S.0. GaAs i

GaAs substrate GuAs

th (2)

Interconnect
metal

RIE (CC1,F, [He)
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-HEM D-HEM

5.1 GaAs

h (4) (5)

Figure 6-3-2 Processing steps for HEMT direct-coupled FET logic (DCFL) circuits, (After
M. Abe and others [9]; reprinted by permission of IEEE, Inc.)

an AuGe eutectic alloy and an Au overlay alloy to produce ohmic contacts
with the electron layer.

2. Opening gate windows: The fine gate patterns are formed for E-HEMTS as the
top GaAs layer and thin Alo s Gag 7 As stopper are etched off by nonselective
chemical etching.

3. Selective dry etching: With the same photoresist process for formation of gate
patterns in D-HEMTS, selective dry etching is performed to remove the top
GaAs layer for D-HEMTs and also to remove the GaAs layer under the thin
Al , Gao » As stopper for E-HEMTs.
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1k he E- and D-HEMT gate o

ization: Schottky contacts for t .

. Qa;:dn;ctzl:lza:::::g Al. The Schottky gate Fonta:_ls f:d '::i‘ G:t%: 10p laye, for
v;] ic c);m:::‘is are then self-aligned to achieve high pe f|:-;<: man‘cc_

ohmi rallization: Finally. electrical connections from ‘lhe intercy,.

§. Interconnect me Pt. and Au, 1O the device terminals are g

i |, composed of Ti, Pt ‘
:T:::thrn:ﬂzh comaI:l) holes etched in a crossover insulator film.

_sectional view of a typical self-aligned Strueyy

Figure 6-3-3 shows the cross for the dircct-coupled FET logic (DCFy,

of E- and D-HEMTSs forming an inverter
ciruit configuration [9].
E-HEMT anm

— ——

Ohmic Interconnect

Insulator (50,
contact Gate metal 7

- Insulator (5,0,
- GaAs

—— AlGaAs
_______________ GaAs

AlGaAs
Flectron layer
GaAs

Semi-insulating GaAs substrate

Figure 6:3-3 Cross-sectional view of a DCFL HEMT. (After M. Abe et al. [9); B
reprinted by permission of IEEE, Inc.) 1

6-3-2 Operational Mechanism

1

|

Since GaAs has higher electron affinity. free electrons in the AlGaAs layer are trans-
ferred to the undoped GaAs layer where they form a two-dimensional high-nwbility

electron gas within 100 A of the interface The n-t 1
: : -type AlGaAs layer of the HEMT is
depleted completely through two depletion mcchanigfns (11): i

L. Trapping of free electrons b
Y surface states cau :
2. Transfer of electrons in ses the surface depletion.

depletion. © the undoped GaAs layer brings about the interfa

surface Fermi level, and the Space-charge reg;

layer. As a result, band bending is moving up

on is extended into the undoped
gas (2-DEG) docs non appear, Wh

pWard and the two-dimensional €
N @ positive voltage higher than the |
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: lied to the gate, el
age 18 8PP » electrons
vl sjonal electron gas. dccumulate at the interface and form a two-

JmE ., electron concentrati
The elec tration can cq
(-mode) HEMT operations, As lcmpzlr;?lr?'(deplelion-mode] and E-(enhance-

rncﬂ (m cmzlv.s at o . decr

spout 8 300° K, increa cases, electron mobility, which
27 because of reduced phonon Scatteringses\vdt:n Malically to 2 X 10° em?/V-s at
" the electron mobility of 1.5 x 1g¢ c“-w e

(""" ok have been demonstrated
gd3 .

533 performance Characteristicg

obility transist

High electron m or (HEMT) amplifiers

Bi ted. 'g:e G%ZGHZ amplifier exhibited a gain off:rs'qg ?s?gaﬁm g
gy band 56 10 62 GHz, and had an assocated noise fgure o 6 e

57.5 GHz. -GHz amplifier achieved a gain of 4 t0 5 dB with a bandwl:crllh :;

15 GHz [11].

current-voltage (V) characterist :
from the following basic equation ics. The drain current can be evaluated

ls = gn(z2)Wo(z) (6-3-1)

N the temperatures decrease fur-
Vs at S0°K and 2.5 x 10* cm¥/V" s

«here ¢ = electron charge
n(z) = concentration of the two-dimensional electron gas .

W = gate width
o(z) = electron velocity
Figure 6-3-4 shows the -V characteristics of a HEMT amplifier with W =

150 um and L, (gate length) = 0.6 um at 30 GHz.
The major advantages of a HEMT are higher frequency, lower noise, and
higher speed. Table 6-3-1 compares HEMT data with other semiconductor elec-

fronic devices.

Example 6-3-1: Current of a HEMT
A HEMT has the following parameters:

Gate width: W =150 pum
Electron velocity: v(z) =2 % 10° m/s
a(z) = 5.21 x 10° m™?

Two-dimensional electron-gas density:

Determine the drain current of the HEMT.
Solution From Eq. (6-3-1), the drain current is
gn(z)Wo(2)

1.6 x 107" x 5.2

Il

]4.1
X loi!x 150 % [0"‘)_(2)‘ 10°

Il

ZEMAT Y N S
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I 4, current in mA

V,, in volts

Note:
A lor measured values
w— (or predicted values

Figure 6-3-4 /.V characteristics of a HEMT.

TABLE 6-3-1 HEMT PERFORMANCE COMPARED WITH OTHER DEVICES

—_—
Device Frequency (GHz) Noise Power Speed
-_—
HEMT Up to 70 Very Good Very Good Excellens
GaAs MESFET 40 Good Good Good
GaAs-AlGaAs HBT* 20 Good Good Excellen(
Si MOSFET 10 Poor Very good Very poor
Si bipelar transistor | Poor Poor Good

*HBT = heterojunction bipolar transistor

Equivalent circuit. In order to predict or calculate the values for a small- or
large-signal HEMT amplifier, the following high-frequency equivalent circuit
shown in Fig. 6-3-5, may be useful.

It is difficult to compare the optimized performance of most major semicon
ductor devices. The switching delay time of GaAs MESFETS is two or three times
longer than that of HEMTs. The GaAs-AlGaAs heterojunction bipolar transistor
(HBT) can achieve the same high-speed performance as the HEMT. The ultimate

speed capability, imited by cutoff frequency £, is more than 100 GHz, and the
HBT also has the merit of flexible fan-out loading capability. The silicon MOSFET |

and controllability with no material problems
complex processing steps. HEMTS are ve
large-scale integration (VLSI) with low

» and they are easy to fabricate de
Iy promising devices for high-speed. 1
"Power dissipation, but they require ne¥
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Figure 6-3-5 Equivalent circuit of a HEMT.

technological breakthroughs to achieve the large-scale integration (LSI) quality of
GaAs-AlGaAs material. Such technologies include molecular-beam epitaxy (MBE),
organic metal-vapor phase epitaxy (OMPVE), and self-alignment device fabrica-
tions. The excellent controllability of MBE growth can regulate the ratio of standard
deviation of threshold voltage to the logic voltage swing.

The vertical threshold sensitivity is defined by the differential threshold

voltage to the thickness of the Al, Ga,— As layer and is expressed as

% = — [2qNs(Wm = BE — Va)/€]'"* 16:8: 0

where V,, = threshold voltage in volts
¢ = AlGaAs layer thickness in meters
g = electron charge

N, = donor concentration . '
U», = metal-semicondcutor Schottky barrier potential between Al and GaAs
rence between GaAs and AlGaAs

E, = conduction bandedge diffe
€ = €€ is the permittivity of AlGaAs
¢, = dielectric constant of AlGaAs

Example 6.3-2: Sensitivity of HEMT
A HEMT has the following parameters:
=013V
Threshold voltage: :ﬂ o Vi
Donor concentration: iy
Metal-semiconductor Schottky e

barrier potential:
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> By = 1.43V
GaAs bandgap: e el
AlGaAs bundgap: iy
AlGaAs diclectric constant
Compute: |
The conduction band-cdge difference between GaAs and AlGaAs
~
b. The sensitivily of the HEMT
Solution
a. The conduction band-edge difference is
AE. = Ere —En = 1.80 - 143 =037V

b. The sensitivity of the HEMT is
'd_v'f = '[MNJI'#M A AE,— = Vﬂ);‘]”z

de
= —[2x 1.6 x 107" X 2 x 10*(0.80 — 0.37
— 0.13)/(8.854 X 10°"? x 4430
yaJi/z
B _[Ei:'rng] = =70 mV/nm
% = 70 mV/nm

6-3-4 Electronic Applications

The switching speed of a HEMT is about three times as fast as that of a GaAs MES-
FET. The largest-scale logic integrated circuit (IC) with HEMT technology his
ach:ev;d the highest speed ever reported among 8 X § bit multipliers. The switching
delay time of a HEMT is below 10 picosecond with a power dissipation reportedal
3boyt 100 p.“f'. Thf:rcfore, HEMTS are promising devices for very large-scale inte-

gration, especially in very high-speed supercomputers, star wars, and space commy:
nications. -
Information processing in the 1990s will i i s
! ) f Y require ultrahigh-speed compuefs
?;;“id high-specd” large-scale integration circuits with Iogicgdcll;;: in the s
d: dred-picosecond range. A 4K X | bit static random-access memory (SRAM
levice consists of a memory cell of 55 um x 39 ite opef
tion was confirmed both at 300° K - il
; and 77° K. The minimum address access time 0
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