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The New Two-Dimensional Electron Gas Base HBT

(2DEG-HBT): Two-Dimensional Numerical
Simulation

Patrick D. Rabinzohn, Toshiyuki Usagawa, Hiroshi Mizuta, Member, IEEE, and Ken Yamaguchi, Member, IEEE

Abstract—The bipolar/FET characteristics of the 2DEG-HBT (Two-
Dimensional Electron Gas Base p-n-p AlGaAs/GaAs Heterojunction
Bipolar Transistor) are analyzed extensively by a two-dimensional nu-
merical simulator based on a drift-diffusion model. For bipolar oper-
ations at high collector current densities, it is confirmed that the cutoff
frequency fr is determined mainly by the collector transit time of holes
and by the charging time of the extrinsic base-collector capacitance
CEX". The charging times of the emitter and base regions, and the base
transit time are shown to be negligible. A high cutoff frequency f, (88
GHz) and current gain k- (760) are obtained for an emitter size of 1
x 10 pm?, an undoped collector thickness of 150 nm, and a collector
current density J, of 10° A /em®.

The FET operation of the same 2DEG-HBT structure shows a
threshold voltage V,, of 0.74 V, the transconductance G, of 80
mS /mm, and maximum cutoff frequency f7** of 15 GHz.

Moreover, the buried SiO; structure for reducing the extrinisic base-
collector capacitance CEXT shows an extremely high cutoff frequency
frof 163 GHz and maximum oscillation frequency f ., of 110 GHz for
the bipolar mode. The dependence of the device performance on ma-
terial parameters is analyzed extensively from a device design point of
view. Optimization of the epitaxial layer structure enables the design
of a higer performance FET (e.g., G,, = 235 mS/mm and f; = 19 GHz
for L, = 1 ypm) without sacrificing the bipolar function.

I. INTRODUCTION

HE 2DEG-HBT (Two-Dimensional Electron Gas Base Het-

erojunction Bipolar Transistor) [1] is a new functional de-
vice, a ‘‘bitransistor,’’ operating as both a bipolar transistor and
a FET. This bitransistor action is achieved by a new operation
principle; the 2DEG at the AlGaAs/GaAs heterointerface acts
as either the base of a p-n-p bipolar transistor or the n-channel
of a 2DEG-FET [2].

The schematic cross section and the energy-band diagram of
the 2DEG-HBT is shown in Fig. 1(a) and (b). The outstanding
properties [1] of the proposed 2DEG-HBT are resummarized as
follows:

1) Enhanced bipolar performance due to
a) negligible base transit time of holes due to thin ( ~ 10
nm) 2DEG base without neutral region,
b) very low base resistance r;;, due to high electron mo-
bility, especially at low temperatures (77 K).
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Fig. 1. The conceptual 2DEG-HBT stucture. (a) Energy-band diagram. (b)
Cross-sectional view and monolithic integration of p-n-p HBT and
2DEG-FET by the same epitaxial layer structure.

2) Monolithic integration of 2DEG-FET and p-n-p HBT by
the same epitaxial layer structure.

3) Bifunctional operation of bipolar/FET as four-terminal
devices.

These new concepts offer significant promise. However, at
the early stage of device development [1], some key questions
arise: what are the actual operating principles and the electrical
characteristics of the 2DEG-HBT, particularly as a bipolar tran-
sistor, and can the device operate with high performance as a
FET and an HBT? This extensive two-dimensional numerical
simulation study addresses these questions, confirming the basic
principles of the 2DEG-HBT and demonstrating its effective
simultaneous operation as a high-performance p-n-p HBT and
junction gate 2DEG-FET by the same structure. Guidelines for
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device design are given by extensive analysis of the dependence
of the device performance on material parameters [3].

Finally we comment on the bifunctional operation, i.e., the
simultaneous bipolar and FET actions, and the limitation of the
present simulator.

. SIMULATED DEVICE STRUCTURES
A. Two-Dimensional Heterostructure Device Simulator

The present two-dimensional simulator for heterostructure
devices was first developed as an engineering tool for laser
diodes called HILADIES (HItachi LAser Dlodes Engineering
Software) [4], and has recently been extended to the design tool
for heterostructure electron devices [5]. This simulator, based
on the drift-diffusion classical hydrodynamic model [6], has
been successfully applied to the analysis of experimental data
from the HEMT device. The differences between the present
physical modeling and [5] are as follows:

To model the electron velocity overshoot effect, the drift ve-
locity of electrons is described by the camel-like functional form

[61:
4
+ V.
V(E) — I"'nOE S(E/ff)
L + (E/E,)
where p, is the low-field mobility, V¥ the saturation velocity,

and E, the critical field (4 X 10° V /cm). The drift velocity of
holes is given by the piecewise linear relation

(1)

#,)oE, E < Vx/l"pO

V(E) =
|4 E = V:/l"‘pO

(2)

5

where p, is the low-field mobility of holes, the saturation ve-
locity ¥, is assumed to be the same for electrons and holes, 10’
cm/s. A carrier life time of 1 ns is assumed for both electrons
and holes (7 = 7, = 7, = 1 ns) unless otherwise specified [4],
[S]. We have also introduced a single donor level DX center
model as shown in Table I to describe the deep donor density
in n-AlGaAs [3], [5].

The material parameters for GaAs, AlGaAs are listed in Ta-
ble I. The other mathematical formulas, notations, material pa-
rameters, etc., can be found in [4], [5].

B. Simulated ‘‘Central’’ Device Structures

The 2DEG-HBT structure modeled in this work is shown in
Fig. 2. In this work, one of the main concerns is the bipolar/
FET operation by the same structure; the source electrode and
the drain electrode also act as the two base electrodes. The sim-
ulated device width and the emitter size are fixed at 10 um and
1 x 10 um?, respectively. From an intuitive understanding of
the 2DEG-HBT operation, we have defined the ‘‘central value’’
of material parameters for the simulated 2DEG-HBT structure,
as specified in Table II.

The simulated device structure (Fig. 2) is a self-aligned struc-
ture of the emitter region, the emitter electrode, and the n*
GaAs base contact regions (layers 1X), based on a fabricating
self-alignment process. The thickness of layers IX is equal to
the sum of the thicknesses of layers I to VI. Finally, SiO, side-
wall spacers (layers X; 0.15 pm thick) provide isolation be-
tween the base regions and the emitter and metallugical base;
that is, the sidewalls extend to a depth equal to the thickness of
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Fig. 2. The simulated 2DEG-HBT structure. The layer structure is de-
scribed in Table II.

TABLE 1
PHYSICAL PARAMETERS OF Al,Ga, _ . As MATERIALS FOR x = 0.45
aNnD T = 300 K

Parameter Formula

e, = 13.1 — 3.0X
x = 4.07 = 0.6(E"(x) — EL(0))

Dielectric constant

Electron affinity (eV)

Bandgaps
E} (eV) EL = 1.422 + 1247X
EL (eV) EL = 1.707 + 0.642X
E} (eV) E¥ = 1899 + 0.125X + 0.143X

Electron mass
m /m mE /my = 0.067 + 0.083X

ms/m mk/my = 0.55 + 0.12X
m/my m)/my = 0.85 — 0.07X
Hole mass m,/mq my,/my = 0.48 + 0.31X
DX center
level AE, =4 0<X<0.25
AEp(meV) = 1125X — 277.25,
0.25 < X< 0.37
= —261.54X + 235.77,
0.37 < X < 0.45
TABLE 11

MATERIAL PARAMETERS FOR THE SIMULATED ‘‘CENTRAL’’ DEVICE
STRUCTURES OF THE 2DEG-HBT

Thickness Doping Dgnsity
Layer Material Al Fraction (nm) (cm™)
1 p-GaAs 50 10%°
I p-GaAs 50 5 x 10"
ENl  p-AlGaAs X, = 0.45 150 Ng = 10"
BIV  n-AlGaAs Xz =03 25 Ny =2 x 108
V  pAlGaAs Xz =03 6 10"
VI  p-GaAs 40 10"
we ={
CVIl p-GaAs 110 10"
VIII  p-GaAs 490 10"
IX n-GaAs 3 x 10'®
X  Si0,

layers I to IV. Thus connection to the base, the 2DEG at the
AlGaAs /GaAs interface, is at the contact between n* GaAs
(IX) and layers V and VI.
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For the sake of comparison with typical p-n-p HBT’s, the
revised p-n-p HBT structure from Sunderland er al. [7] was ana-
lyzed as a reference. This p-n-p HBT is described with the help
of Fig. 2 and Table II; the metallurgical base (layer IV) and its
spacer layer (layer V) are replaced by n-GaAs (30 nm, 3 x 10
cm™*) and the lightly doped collector consists of layer VI (40
nm, 10'® cm™?) and layer VII (400 nm, 10'® cm™*). The other
device parameters are the same with the central values as shown
in Fig. 2.

The current gain hg, is derived from the variations of the ratio
Al / Al of collector current (Al) to base current (Alg). The
static current gain 3 = I/l is used in the final section to dis-
cuss the parasitic resistance.

The delay time associated with one region X of the device is
given by

(3)

T Al

Vee

where AQ, is the incremental excess charge in region X of the
simulated device structure, and defined by

sows ([ Lo maar)

where W denotes the transistor width of 10 pm and n, represents
the carrier density in equilibrium. The cutoff frequency is given
by

1 Al

T 2r A0 )

fr

Ver

where AQ is the incremental excess charge in the whole simu-
lated device. The device transconductance is calculated by

Al
G =
" AV

(6)

Vee

III. OPERATING PRINCIPLES

This section concentrates on the device analysis of the ‘‘cen-
tral structure’’ specified by Table II, to confirm the basic op-
erating principles of the 2DEG-HBT. The specific p-n-p HBT
mentioned earlier is also analyzed for comparison.

A. Static Characteristics

The collector and base currents of the p-n-p HBT and the
2DEG-HBT are plotted in Fig. 3(a) as functions of the emitter-
base voltage. The collector current has a similar slope for both
devices, with an ideality factor of 1.1. Nevertheless, to obtain
the same collector current, the emitter-base junction of the
2DEG-HBT must be forward-biased by 0.2 V more than the
p-n-p HBT, i.e., the collector saturation current of the
2DEG-HBT appears to be smaller (500 times). Fig. 3(a) also
shows the same ideality factor for the base current of both de-
vices, that is, 1.7 for most of the emitter-base voltage range.
Therefore, electron-hole recombination, rather than electron
injection into the emitter, dominates the base current of p-n-p
HBT’s. This is in contrast with the abrupt n-p-n HBT’s (see for
example [6]).

Thus as shown in Fig. 3(b), the common emitter current gain
hgg increases with the collector current density J - until the high
injection state is reached. The maximum current gains of 760
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Fig. 3. Static characteristics of the 2DEG-HBT defined by Fig. 2 and Ta-
ble 11, and the p-n-p HBT specified in the last part of Section II. (a) Col-
lector (solid line) and base (dashed line) currents versus emitter-base
voltage. (b) Common emitter current gain s, versus collector current den-
sity, with the carrier lifetime as a parameter.

i

for the 2DEG-HBT and 280 for the p-n-p HBT are achieved at
10° A/cm? and 2 X 10* A /cm?, respectively. The higher cur-
rent gain of the 2DEG-HBT arises from a smaller recombina-
tion current.

Since the hole and electron lifetimes were assumed to be equal
(7 = 1 ns) for SRH-type recombination, the wider bandgap
metallurgical base of the 2DEG-HBT accounts for the much
smaller base current. To confirm the importance of the recom-
bination current, the 2DEG-HBT characteristics shown in Fig.
3(b) were also computed with an artificially long carrier lifetime
(7 = 10° s) in all layers. Thus by removing the recombination
component, the ideality factor of the base current approaches
unity and the hzz~J - curve shows a plateau. The current gain is
increased more than tenfold. By setting 7 = 10° s only in layer
IV (n-AlGaAs), such a gedanken simulation also establishes that
recombination mostly takes place in n-AlGaAs because it co-
incides with the the hgz—J curve of the above structure with
the artificial long carrier life times in all layers.

The carrier concentration profiles are shown in Fig. 4 for the
same collector current density. The carrier profile of the p-n-p
HBT indicates a neutral base region. On the other hand, the
2DEG-HBT has no neutral base for a forward-biased emitter—
base diode. Moreover, the base region is completely depleted
of carriers under when not biased. As the n-AlGaAs layer shown
in Fig. 4 is not as completely depleted as when biased, the re-
sidual electrons in the n-AlGaAs may also act as the base. How-
ever, electron injection from n-AlGaAs into the emitter is
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Fig. 4. Electron (solid line) and hole (dashed line) concentration profiles
versus distance from the surface in the vicinity of the base, for a collector
density of 10* A/cm?.

suppressed as shown, by designing the emitter layer with a
larger Al mole fraction of p-AlGaAs than the metallurgical
n-AlGaAs base. Nevertheless, this is not a necessary condition
for the 2DEG-HBT to show gain enhancement with respect to
the homojunction transistor, as discussed in Section IV, Thus
by applying the principle of modulation doping to the base of a
bipolar structure, a device without neutral base is truely
achieved. The metallurgical base can be considered to be the
emitter-base transition layer rather than the actual base (Fig.
4). Therefore, high-frequency and/or high-speed operation is
expected as the base transit time is not limited.

B. Frequency Performance Analysis

Fig. 5 plots the cutoff frequency f; against the collector cur-
rent density J. for the 2DEG-HBT and the p-n-p HBT. The
maximum cutoff frequencies fr are 88 GHz at J. = 4 x 10*
A/cm® for the 2DEG-HBT, and 19 GHz at J¢o = 10* A /cm?
for the p-n-p HBT. The difference in f; results from the different
base and collector delay times 75 and 7 due to the different
structures. This is discussed later. The detailed analysis of the
fr-Jc curve is performed by subdivision into regional delay
times 7,, as defined by (3). The emitter region E consists of
p-GaAs (layers I and II) and p-AlGaAs (layer III). The base
region B consists of n-AlGaAs metallurgical base (layer 1V),
p-AlGaAs spacer (layer V), and n* GaAs base contact regions
(layers IX). The collector region C consists of p-GaAs (layers
VI, VII, and VIII). The analysis of the regional delay times is
shown in Fig. 6.

First, it is striking that the delay time associated with the
emitter of both devices is always negligible, rising almost lin-
early with current density to 0.1 ps for the 2DEG-HBT and 0.02
ps for the p-n-p HBT. In contrast with the conventional design
of n-p-n HBT’s, the emitter doping level of both devices ex-
ceeds the base doping level. Thus the emitter-base transition
capacitance charging time would appear in this analysis as a
component of the base delay time rather than the emitter delay
time for the ongoing analysis. Therefore, the emitter delay time,
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Fig. 6. Base (solid line) and collector (dashed line) delay times versus col-
lector current density for the 2DEG-HBT and p-n-p HBT.

as defined here, is due to the injection of electrons from the base
into the emitter, which is so small, that the delay time encoun-
tered by minority carriers flowing from emitter to collector is
shared by the metallurgical base and collector layers.

The basic principle of the 2DEG-HBT is better understood
by comparing the delay times of the two devices at high current
densities. The minimum base delay time 75 of the p-n-p HBT
is observed to be 2 ps, which can be roughly estimated by the
classical formula for the base delay time 75, = W3 /2D, with W,
= 30 nm and D, = 3.1 cm’/s for the 3 x 10'® cm™ n-GaAs
base. On the other hand, the minimum base delay time 75 of the
2DEG-HBT is 0.6 ps, due to the absence of a neutral base (Fig.
4). The minimum computed collector delay times 7. for the
p-n-p HBT and the 2DEG-HBT are 3.0 and 0.75 ps, respec-
tively, which also can be roughly estinated by a simple formula
for the base—collector depletion layer transit time X, /2V, where
X, denotes the collector depletion layer width, about 440 nm
for the p-n-p HBT and 150 nm for the 2DEG-HBT.

For a more detailed analysis of the 2DEG-HBT, the regional
delay time 7, is divided into the intrinsic part 7™ and the ex-
trinsic part 7°°'.

The intrinsic device is the central 1 pm X 10 um region of
Fig. 2. The intrinsic delay time consists of the emitter-base
depletion layer (layer IV) delay time 7., the delay time 74" of
layer V, and the base-collector depletion layer (layers VI and
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components of the delay time 7i (layer IV), 7 (layer V), and 7 (layers
VI and Vi, dashed line) versus collector current density for the structure
of Fig. 2 and Table II.

VII) delay time 7,%. Such regional analysis of the delay times

is shown in Fig. 7.

At low collector current densities, the delay time is domi-
nated by the extrinsic delay time 7%, which can be estimated
accurately by the ratio of a 110-fF extrinsic base-collector ca-
pacitance, in agreement with the geometric capacitance of the
extrinsic part of layer VII, to the transconductance (G, =
glc/kT).

The 2DEG-HBT achieves its minimum delay time at the high
current density of 4 X 10* A /cm?. In this case, the 1.8-ps com-
puted delay time in Fig. 7 consists of 7°*' (= 0.75 ps), 7o ( =
0.3 ps), and 7™ (= 0.75 ps). Even at these large collector
current densities, the extrinsic charging time 7 is given ac-
curately by the ratio of capacitance (110 fF) to transconduc-
tance (150 mS).

The intrinsic emitter-base transit time 7,. and the base-col-
lector depletion layer transit time 77 are well explained by the
following simple formulas:

™ = Wy /V, = 0.25 ps (7)

T = W./2V, = 0.75 ps (8)

where Wy is the thickness of layer IV and W, is the thickness
of the lightly doped collector (layers VI and VII). Assuming a
triangular concentration profile for the holes in n-AlGaAs (layer
IV), as suggested in Fig. 4, and the saturation velocity for the
motion of holes through n-AlGaAs, 7,, can be represented by
.

As shown by the regional analysis of the delay times in Fig.
7, reducing the extrinsic base—collector capacitance CEX" is one
of the main issues for realizing the high-performance 2DEG-
HBT. Therefore, an embedded SiO, structure was simulated by
replacing the extrinsic part of the collector layer VII-VIII (Fig.
2) by SiO,. The computed cutoff frequency f; versus collector
current density is shown in Fig. 5 with 2 maximum cutoff fre-
quency of 163 GHz, that is, a minimum delay time of 1 ps,
which approaches the intrinsic device performance.

C. FET Characteristics

One of the distinct advantages of the 2DEG-HBT is the
monolithic integration of high-speed p-n-p transistors and
n-channel FET’s by the same epitaxial layer structure. From the
FET operation point of view, the 2DEG-HBT is basically a
p-AlGaAs gate 2DEG-FET with a p-GaAs buffer layer.

To our knowledge, the 2DEG-HBT is the first device with
this promising property. The Bipolar Inversion Channel FET
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Fig. 8. FET characteristics of the 2DEG-HBT with W (Table II) as a pa-
rameter. (a) Transconductance (solid line) and drain saturation current
(dashed line) versus gate voltage. (b) Cutoff frequency versus gate voltage.

(BICFET) [8] could in principle be considered similarly, but,
it has so far been restricted to its bipolar operation, probably to
simplify fabrication. Hence the BICFET designed with a planar
three terminal (Source, Emitter, Collector) structure has shown
serious current crowding problems [9]. On the contrary, the
2DEG-HBT is designed as a four-terminal device, i.e.,
p-AlGaAs emitter (gate), p-GaAs collector (substrate), and two
contacts (source and drain) to the 2DEG base (or n-channel).

The central structure of the 2DEG-HBT, shown in Fig. 2 and
Table II, is simulated as a junction-gate FET with a p-GaAs
buffer layer. The FET characteristics (transconductance G,,,
gate capacitance Cg, and cutoff frequency fr) are simulated by
the same definitions as in [5].

The transconductance G,,, the source-drain saturation current
Ipss, and the cutoff frequency fr are shown in Fig. 8(a) and (b)
for the central structure ( W = 150 nm) and the wider collector
structure ( W, = 440 nm). The difference between the FET per-
formances comes from the fact that the built-in potential from
the collector p-GaAs (layer VIII) reduces the 2DEG sheet den-
sity.
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IV. INFLUENCE OF THE DEVICE PARAMETERS

To investigate the dependence of the device performance on
the material parameters, each device parameter was individ-
ually varied from the ‘‘central value’’ in Fig. 2 and Table II.
Simulations were performed changing the Al mole fraction, the
doping level, and the thicknesses of the emitter (layer III),
metallurgical base (layer 1V), and collector (layer V-VI).

A. Emitter and Base Al Mole Fraction

As stated before, the primary effect of designing the
p-AlGaAs emitter layer (III) with a higher Al mole fraction than
the n-AlGaAs base layer (IV) is to prevent electron injection
from the n-AlGaAs into the emitter. Hence the base current is
reduced to its recombination component. This is shown by the
current gain—collector current density (hzz-J) curve in Fig. 9.
In contrast with the device reported so far (emitter Al content
Xz = 0.45), the 2DEG-HBT with X; = Xz = 0.3 shows a flat
current gain, that is, a base current ideality factor close to unity.
Therefore, electron injection into the emitter reduces the max-
imum current gain to 115. However, this Ap, is still twice that
of the homojunction Al 5 Gag ;. As p-n-p bipolar transistor and
ten times larger than that of the GaAs p-n-p bipolar transistor.
This result is in qualitative agreement with the basic principle
of the 2DEG-HBT.

The cutoff frequency-collector current density characteristics
of the 2DEG-HBT with Xz = 0.3 is similar to that of Fig. 5
(X = 0.45) but saturates at 54 GHz, that is, 7pr = 0.55 ps and
7™ = 1.35 ps. This can be explained by a hole velocity smaller
than the saturation velocity obtained for X; = 0.3. Hence the
emitter~base heterojunction may also act as a hot hole launcher.

The maximum gain Agg* of the 2DEG-HBT and the current
density associated with this A" are plotted in Fig. 10 as func-
tions of the n-AlGaAs Al mole fraction X. The hrg*-X; curve
is strongly correlated with the dependence of X on the deep
donor (i.e., DX center) energy AE;, (Table I). As AE), in-
creases, the ionized donor density as well as the free electron
concentration in n-AlGaAs decrease. This reduces the recom-
bination current. The importance of the DX centers to the base
current was also checked by simulating the 2DEG-HBT (X =
0.3) with a fully ionized impurity model. As shown in Fig. 10,
the computed value of Agg* is 215 instead of 760 for the deep
donor model. The reported correlation mentioned above and the
band diagram suggests that the electron quasi-Fermi level is
pinned at the deep donor energy.

In contrast with the dc characteristics, the cutoff frequency
of the 2DEG-HBT is constant for X between 0.2 and 0.4.

B. Emitter and Base Doping Level

The hpz-Jc curve is shown in Fig. 11 with the emitter doping
level N as a parameter. For emitter doping less than 10'% cm ™3,
electron injection into the emitter dominates. Moreover, the
emitter series resistance limits the current-handling capability.
The corresponding low value of the device transconductance,
40 mS, also reduces the maximum cutoff frequency to 39 GHz.
It is therefore highly desirable to design the emitter with a higher
doping level than the base, as for any bipolar transistors. How-
ever, this design principle is usually modified for n-p-n HBT’s
[10], mostly because of the limited doping level achievable for
n-AlGaAs. One of the advantages of p-n-p GaAs HBT’s over
n-p-n GaAs HBT’s is the high doping capability of the emitter
region.
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the 2DEG-HBT (solid line) with the emitter Al content X as a parameter.
The dashed lines are for p-n-p homojunction transistors with Al contents X
= 0.3 and 0.0. Other parameters are as in Table II.
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Fig. 11. hgp-J¢ characteristics of the 2DEG-HBT with the emitter Ny

(layer IIT) doping level as a parameter. Other parameters are as in Table
II.

Fig. 12 plots the hp-Jo characteristic with the n-AlGaAs
doping level Ny of the metallurgical base as a parameter. At
low doping levels, the computed current gain appears to be as
high as 10° for a small emitter-base forward bias. This phenom-
enon is accompanied by a large collector current showing an
ideality factor of around 15. In this condition the device could
be described as a punchthrough diode. For the enhancement-



228 IEEE TRANSACTIONS ON ELECTRON DEVICES. VOL. 38, NO. 2.

w

_Cu' 20 1
z 0 .
g ~
e 2.0x10® ]
&
g 10 Ng = 2‘5!1O]8cm'3 :
3 t Veg =2V

1 B | i 1 s 1 1

02 102 10* 108
OOLLECTOR CURRENT  (A/cm?)

Fig. 12. hpg-Jc characteristics of the 2DEG-HBT with the metallurgical
base (layer IV) doping level Ny as a parameter.

type 2DEG-HBT reported here, this phenomenon always exists,
e.g., only at very small current densities for the structure of
Table II. The low doping limit of the metallurgical base,
n-AlGaAs, is similar to that of devices such as the Bipolar In-
version Channel FET (BICFET) [8] or the Inversion Base Tran-
sistor (IBT) [11]. In this case, even though an extremely large
current gain Az is expected at low collector current densities,
this simulation results show that the emitter and collector will
be in the punchthrough state.

In the investigated range of N, (1-3 X 10'® /cm®), the cutoff
frequency is not affected at high current densities, above 10°
A /cm®. However, the rise of f; with J. is steeper with the
punchthrough effect.

C. Collector Thickness

The hge—J - curve of the 2DEG-HBT is unchanged at low cur-
rent by variations in the lightly-doped collector (layers VI and
VII) width W,. The only effect of increasing W is a reduction
in the current density at which kg starts to fall; this is attributed
to the Kirk effect. Thus a smaller hJy" is observed, e.g., 380
for W, = 440 nm.

The cutoff frequency characteristics of the 2DEG-HBT are
given in Fig. 13 for W, = 100, 150, and 440 nm. The shift of
the curve toward lower current densities as W increases indi-
cates that the extrinsic base-collector capacitance is reduced.
For W, = 440 nm, f; saturates at 23 GHz as the intrinsic base-
collector transit time 7)1 increases to 5 ps. From the device de-
sign point of view, this cutoff frequency of the 2DEG-HBT with
the W = 440 nm structure should be compared with the ref-
erence p-n-p HBT which has a maximum f; of 19 GHz defined
by the last part of Section II. For W = 100 nm, the improve-
ment in 72 is balanced by an increase in 7 (1 ps). Thus fr
shows a small improvement at most: 92 GHz compared to 88
GHz for We = 150 nm.

D. FET Characteristics and Bifunctional Operations

For the FET operation of the 2DEG-HBT, the main points of
interest are the effects of the p-buffer layer and p-n junction gate
on the FET performance.

In the normal design of 2DEG-HBT, the p-AlGaAs gate dop-
ing level Ng is much larger than the n-AlGaAs doping level Np.
However, a decrease in the gate doping level to Ny = 1 X
10'® /cm® strongly affects the device performance; the threshold
voltage V; becomes —0.55 V (depletion-type FET) and the
maximum transconductance Gp** falls to 55 mS/mm. When
the p-AlGaAs gate doping level N is smaller than the n-AlGaAs
doping level Ny, the depletion layer extends more deeply into
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Fig. 13. f;-J¢ characteristics of the 2DEG-HBT with the lightly doped
collector thickness W as a parameter.
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the p-AlGaAs layer so that the FET performance degrades fur-
ther.

The characteristics of the FET operation of the 2DEG-HBT
are given in Fig. 14(a) and (b) with the n-AlGaAs doping level
Npg as a parameter. The threshold voltages V; are 0.04, 0.74,
and 0.89 V for Ny = 3, 2, and 1.2 X 10'® /em®, respectively.
G,, and f; are unchanged by increasing Ny from 2 to 3 X
10'¥ /em®. Most importantly, the donor neutralization process
has a decreasing influence on the formation of 2DEG, as the
doping level is lowered below 2 X 10'® /cm®. Thus a higher
maximum transconductance (235 mS/mm) and cutoff fre-
quency (19 GHz) are obtained for 1.2 X 10" /cm’.

The 2DEG-HBT is the first device to operate simultaneously
as a FET and a bipolar. The bifunctional mode is obtained by
biasing both the gate (or emitter) and the drain (or right-hand
side base). We first consider the effect of a large applied gate
voltage on the FET characteristics for the embedded SiO, struc-
ture. The source-drain saturation current I, and the transcon-
ductance G,, are shown in Fig. 15(a) as functions of the gate
voltage. For V; = 1.9 V, the transconductance G,, reaches a
plateau of 2.4 S /mm. In this region, the source supplies addi-
tional electrons to electrically neutralize the large number of
holes injected into the heterointerface. The carrier concentra-
tion profiles computed for V; = 2 V explain this situation in
Fig. 15(b). The gate capacitance also steadily increases; the
corresponding cutoff frequency f; has a peak value of 7.5 GHz
for Vg =19 V.

Regarding the bifunctional operation, biasing the drain with
respect to the source enables injection of electrons into the
channel in excess of the equilibrium 2DEG density. Charge
neutrality is maintained because of the large hole flow perpen-
dicular to the electron flow. Consequently, a neutral charge re-
gion with negligible electric field is formed in the lightly doped
p-GaAs layer.

The current characteristics are very similar to the bipolar I-V
curves of Fig. 3(a), with ideality coefficients of 1.15 and 1.50
for the collector and base currents, respectively. Indeed, with
the preceding definition of the base current, the collector and
base currents obtained for Vpg = 0.5 V and Vg = X V are
exactly equal to the collector and base currents computed for
Vps =0V, Vg = X — 0.12 V. Hence, the hy—J character-
istics remain unchanged by applying a drain bias. The f;-J
curve is also similar to that of the bipolar mode (no drain bias)
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shown in Fig. 5. However, the maximum cutoff frequency is
225 GHz for collector current densities of 2 X 10* to 10°
A /cm?, instead of 163 GHz for the bipolar mode. The emitter-
to-collector delay time is less than that of the standard bipolar
operation, i.e., 0.75 ps versus 1 ps.

This bifunctional operation could in principle be applied to
any bipolar transistors. However, effective modulation of the
channel (base) in the FET mode would prevents protection
against punchthrough of the neutral base (channel) in the bi-
polar mode. This limitation does not apply to the 2DEG-HBT
as it has no neutral base.

V. DISCUSSIONS

This section discusses the base resistance rj,, the maximum
oscillation frequency f,,,, the limitation of the classical simu-
lator.

229

(S/mm)
b

[=)
DRAIN CURRENT Ipgg(A/mm)

TRANSCONDUCTANCE
T

o 0
0 1
GATE VOLTAGE (V)
(a)
0% ' '
e Hole
E [T & o
“1 o' AN T T . "I 1
>
= | 1
2
& 10!6 Electron 1
S 9
e )
Z19 '
3 4
o
2 v >
102 03 o4
DISTANCE  (pm)
(b)

Fig. 15. FET interpretation of the bifunctional mode: extension of the FET
characteristics (Fig. 8) towards larger gate voltages. (a) Transconductance
(solid line) and drain saturation current (dashed line) versus gate voltage.
(b) Electron (solid line) and hole (dashed line) concentration profiles versus
distance from the mid-gate area near the base, for Vg = 2 V and a collector
current density of 5 X 10° A /cm’.

A. Base Resistance r}, and Maximum Oscillation Frequency
fmax

One of the advantages of the bipolar transistor is the base
resistance rj,, which depends on the extrinsic shape of the tran-
sistor.

The main task of the device design is to achieve a device
structure with a low base resistance rj,, keeping the current gain
hge and f7 as high as possible.

In this section we comment on a simple estimation of the base
resistance rj, with an assumption that the intrinsic base resis-
tance at high collector currents can be estimated to be 10 { from
the 1-kQ /] 2DEG sheet density. This assumption gives an es-
timated base resistance 7}, of 20 Q, which value is one order of
magnitude smaller than that of the advanced Si bipolar transis-
tors [12].

Assuming 20 Q@ for the base transistance rj,, the maximum
oscillation frequencies f,,,x can be estimated to be 40 GHz for
the *‘central structure’’ of Fig. 2 and Table II, and 103 GHz for
the SiO,-embedded structure, in which the maximum oscilla-
tion frequency f.. can be estimated by the conventional for-
mula

Sroax = Nfr/87rb Cac- 9)

The base—collector capacitances Cpc are 110 and 30 {F for both
structures, respectively. As the intrinsic base-collector capac-
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itance Ci for the “‘central structure” is 7.7 fF, the real base-
collector capacitance Cy. can be reduced by shrinking the ex-
trinsic base-collector region. In this case, the intrinsic maxi-
mum f,,,, is almost 200 GHz.

B. Limitations of the Present Simulator

1) Quantum Effects: One of the main questions regarding
the applicability of the classical simulator to the 2DEG-HBT is
to what extent can the simulator quantitatively describe the ver-
tical and horizontal motion of the 2DEG.

As was previously noted in Section II, the present simulator
has successfully demonstrated [5] that the sheet number of the
2DEG at the n-AlGaAs /undoped GaAs heterointerface can be
quantitatively described by introducing the DX center model in
n-AlGaAs. It also shows that the horizontal motion of the 2DEG
along the heterointerface is well described to explain the ex-
perimental data of the HEMT characteristics. However, the
classical simulator cannot describe the real shape of the vertical
distribution of electrons at the AlGaAs/GaAs heterointerface
due to the quantum effects [13]. One of the distinctive features
of the 2DEG-HBT is that the base is formed in the undoped
semiconductor layer (VI) of Fig. 2 and Table II, which is sep-
arate from the original doped layer, n-AlGaAs, (IV). The
2DEG-HBT could control the vertical distribution of the 2DEG
by the electric field through the base-collector voltage V.
However, the quantum-mechanical description of the vertical
distribution of the 2DEG is inevitably beyond the classical de-
scription.

The vertical motion of the 2DEG through the AlGaAs /GaAs
heterointerface cannot be quantitatively described by the clas-
sical simulator because the transition probabilities of electrons
and holes through the heterointerface should be determined by
quantum mechanics. Generally speaking, the real base current
Iy and the current gain hgz are thought to be affected by the
recombination rate of the minority carriers at the surface or
junction, and the transition rate through the heterointerface, so
that it is not an easy task to simulate quantitatively the real base
current or the current gain.

2) Overshoot Effect of Holes: The present classical simula-
tor models the behavior of light holes and heavy holes under
the high electric field by introducing one saturation velocity V,
for both holes. The motion of light and heavy holes under the
high electric field is a key factor in the bipolar operation of the
2DEG-HBT’s. In the case of n-p-n HBT’s, the specific collector
structure [14] has demonstrated the overshoot effect of elec-
trons. The overshoot effect of the light hole was recently re-
ported in a low-temperature hot hole transistor structure [15].
If the overshoot effect of holes takes place at room temperature,
this simulator could incorporate phenomenologically the over-
shoot effect by assigning a larger value to the saturation velocity
V..

Regarding the surface recombination effects on the base cur-
rent, the experiment [16] and the simulation [17] showed that
the surface recombination effect is the limiting factor of current
gain hge. Even though full understanding of the surface recom-
bination is incomplete, this simulator can incorporate phenom-
enologically the recombination term in the surface or junction
area.

VI. CONCLUSIONS

This study has demonstrated the device concept and the bi-
polar operation of the two-dimensional electron gas base HBT
(2DEG-HBT). Simulation shows the base transit time to be
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negligible and the emitter-to-collector delay time is limited
mostly by the base-collector depletion layer transit time. For
the bipolar operation, a cutoff frequency fr of 163 GHz and
maximum oscillation frequency f,, of 100 GHz are predicted
for an ideal device structure with an SiO,-embedded structure
with an emitter size of 1 um X 10 um. Optimization of the
epitaxial layer structure enables the tradeoffs for the design of
a higher performance FET (e.g., G,, = 235 mS/mm and f; =
19 GHz for L, = 1 pm) without sacrificing of the bipolar func-
tion.

As for the bifunction operation, biasing the drain with respect
to the source, the bipolar mode shows an extremely high cutoff
frequency fr of 225 for the embedded SiO, structure.

The 2DEG-HBT can easily achieve monolithic integration on
p-n-p HBT and 2DEG-FET (or HEMT: Schottky-gate
2DEG-FET) by the same epitaxial multi-layer structures. This
merged integrated structures of 2DEG-HBT are promising for
future high-speed and low-power BiCMOS-like GaAs LSI’s.
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