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Abstract— We report improved current gain characteristics
in the transferred-substrate HBTs, demonstrated by record
current gain cutoff frequency f; of 254 GHz. This work
compares device results from three wafers and points out
the relative importance of the factors affecting f; and their
impact on fraqz-

I. INTRODUCTION

DVANCES in device technology for heterojunction

bipolar transistors (HBTs) are necessary to further
improve the performance of associated high speed analog
and digital circuitry. The most commonly quoted figures of
merit for these devices are current gain cutoff frequency, f,
and power gain cutoff frequency, f,.qez- The transferred-
substrate process has already yielded very high fax[1]
HBTSs, but has not yet offered record f.. While applica-
tions such as reactive tuned amplifiers and distributed am-
plifiers immediately benefit from high fq2, fr and firae
must both be considered for digital systems as well as many
analog systems|2].

We herein report the simultaneous achievement of record
fr and high f,,4. on one device, and compare that layer
structure and process to two other recent device results in
this process. The device parasitics can then be compared,
and inferences made about the relative value of various
approaches toward further improvements in f; and fi,qz.

The transferred-substrate process renders the HBT scal-
able, with device bandwidth that improves as the device
area is scaled. A common concern in submicron bipolar
technologies is the rapid loss of DC current gain as fur-
ther scaling is performed. Improvements in current gain
are therefore important as well as frequency performance.
The ultimate utility of a highly scaled device should not be
determined by DC current gain, but instead should only be
limited by the capabilities of existing lithographic systems.
We have achieved a significant increase in DC current gain
of relatively conservative 1 ym emitter stripe geometry de-
vices, which will translate to more useful values of current
gain in highly scaled devices.

II. PROCESSING AND FABRICATION

The wafers were grown on a Varian Gen II MBE sys-
tem at UCSB on Fe-doped semi-insulating (100) InP sub-
strates. The layer structures are as shown in Table 1. After
completion of the collector growth sequence at 470°C, the
wafer is cooled to 380°C to reduce beryllium outdiffusion
during and after growth of the base[3]. A high Asy flux
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Layer Material Doping | Thickness InGaAlAs
(cm—3) (nm) %Ga/%Al
Cap
n InGaAs | 1x10° 100 47/0
n InGaAs | 1x101° 6.6 47/0—0/48
n InAlAs 1x10° 83.4 0/48
Emitter
n InAlAs 8x 1017 50 0/48
A n InGaAlAs | 5x1017 23.3 0/48—
B n InGaAlAs | 8x1017 23.3 0/48—
C n InGaAlAs | 4x1017 23.3 0/48—
p InGaAlAs | 2x1018 6.6 —55/0
Base
p InGaAs | 5x10'9 50(A) 55/0—47/0
p InGaAs | 5x10 40(B) 55/0—47/0
p InGaAs | 5x10 40(C) 58/0—47/0
Collector
A n InGaAs | 1x1016 25 47/0
B,C n InGaAs 1x1016 40 47/0
A n InGaAs | 5x10!7 5 47/0
B,C n InGaAs 1x1018 5 47/0
A n InGaAs | 1x1016 170 47/0
B n InGaAs | 1x1016 255 47/0
C n InGaAs | 1x10'6 155 47/0
Buffer i InAlAs UID 250 0/48
TABLE I

MBE LAYER STRUCTURE. A, B, C REFER TO WAFERS A, B, C As
DISCUSSED IN TEXT.

is also used to maximize beryllium as well as silicon in-
corporation. The compositional grading of the 400A base
is accomplished by eight 50A “stairstep”, referring to the
downward steps seen by electrons in the conduction band
as they traverse the base. After each 50A step of base
growth, the temperature of the gallium cell is increased
to give a slightly wider bandgap In,Ga;_,As composition,
followed by a two minute delay to allow stabilization of
the gallium flux. The change in the bandgap is calculated
assuming constant density of states and neglecting the ef-
fects of the tensile strain[4]. The base-emitter grade is an
InGaAs/InAlAs superlattice[5], which the table represents
as an average effective composition. The composition of the
InGaAs in the grade is the same as that at the base-emitter
edge, the base-emitter grade is therefore strained. After
growth of the InAlAs emitter and heavily doped InAlAs
transition layer, there is a short superlattice to smooth out
the conduction band discontinuity at the interface between
the InAlAs and the InGaAs cap.

The details of the transferred-substrate process have
been enumerated in previous publications[1]. The moti-
vation for the transferred substrate process is the freedom
to process both sides of the epitaxial film, allowing litho-
graphic definition of the emitter and the collector. This



yields rapid improvement in f,,,, as the emitter and col-
lector dimensions are scaled. This lateral scaling can be
accompanied by an appropriate vertical scaling, thinning
of the semiconductor layers to reduce transit time. In this
way, a reasonable fp,../fr ratio can be maintained.

This transferred-substrate process provides a microstrip-
wiring environment via a plated ground plane and the
low-loss, low dielectric constant (e,=2.7) spin-on dielec-
tric benzocyclobutene (BCB). In this work, two different
thicknesses of BCB were used, with wafer A using a 9 ym
thick layer and wafers B and C using a 4.7 um thick layer.
The thinner BCB allows more densely packed intercon-
nect lines and transistors, and is also easier to pattern and
etch. Benchmark circuits such as the Darlington ampli-
fiers often require minimal parasitic capacitance from the
input/output pads and interconnect lines, and for this rea-
son the thicker BCB is sometimes used[6]. NiCr resistors
are used in the circuits with a 50 Q/square sheet resistance.
SiN based MIM capacitors are realized with a 0.45 pm thick
SiN giving an estimated 0.128 fF/um?2. A schematic of a
completed transferred substrate process HBT is shown in
figure 1.
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Schematic of completed transferred-substrate process

Two performance-enhancing aspects of the process war-
rant discussion. These are the undercut of the emitter
and the collector recess etch. The base contact etch, de-
scribed elsewhere, is a methane/hydrogen/argon RIE etch,
followed by a selective wet etch and a nonselective wet etch.
The emitter has lithographic dimensions of 1 x 8 um. The
1 pm emitter width is substantially undercut during the
selective wet etch, as the etch attacks the InAlAs emitter
but not the InGaAs in the cap layer. The amount of un-
dercut is controlled by the time the wafer is immersed in
the selective etch. For this work the intrinsic emitter is
undercut to dimensions close to 0.6 x 8 ym. The reduced
intrinsic emitter dimensions result in a lower base-emitter
depletion capacitance (Cje). For this work the reduced
Cje results in higher f. since the maximum useful current
densities are limited by Kirk effect in the collector. The
extrinsic emitter resistance R, is affected little by the un-
dercut because it is dominated by the contact resistance at
the metal-semiconductor interface. Excessive emitter un-

dercut would reduce f,,q, however, due to increased sheet
resistance for holes traveling between the base contact and
the intrinsic emitter.

The final step in the process is the self-aligned recess
etch of the collector. The collector semiconductor is blan-
ket etched in nonselective citric acid solution in order to
remove collector semiconductor to some depth surround-
ing the collector contact. This recess etch of the collector
is done to allow the microstrip like fringing fields between
the narrow collector contact and the base to pass through
low dielectric constant material (air) instead of the high
dielectric constant semiconductor.

An improvement over previous designs is the reduction
in the size of the base mesa. As a result of this, the overlap
of the M1 and M2 layers, which contributes to Cj., has
been reduced by a factor of 4. The M1 and M2 layers are
separated by approximately 8000A of polyimide. For the
mesa associated with a 1 x 8 um device, the reduction of
Cpe due to decreased overlap is from 8 fF to about 2 fF.
This is a substantial improvement considering the active
mode Cje usually lies between 25 and 45 fF for this size of a
device. The smaller mesa is possible due to the switch from
plated airbridges to evaporated airbridges. A large mesa
was required for the plated airbridge process in order to
accomodate the post layer and the airbridge layer as well as
alignment tolerances for each of them. The incorporation
of evaporated airbridges has eliminated the need for this
post layer.

Accurate determination of device parameters such as
Cje requires knowledge of the parasitics introduced by the
GSG probe pads. Measurement of similar open pad test
structures allows determination of this pad capacitance.
This capacitance is then subtracted off of the measured S-
parameters allowing calculation of device parameters. The
input and output pads on devices fabricated with the thin-
ner BCB have capacitances on the order of 25 fF, while
those with thicker BCB have 5-10 fF capacitance. The pad
capacitance varies somewhat between process runs due to
small changes in the thickness of BCB spun on and the etch
time. The pad capacitance is therefore measured on each
wafer with test structures consisting only of pads of the
same shape, size and spacing as they appear on a device.
The pad capacitance is not simply inversely proportional to
the BCB thickness because some pad capacitance is present
on the cal standards used in calibration of the network an-
alyzer. This amount of capacitance is calibrated out for
subsequent measurements.

III. DEVICE RESULTS AND DISCUSSION

A simplified hybrid-pi model for the bipolar transistor
is shown in figure 2. The parameters Ry, and the split
between Cep intrinsic aNd Cep extrinsic are discussed else-
where[1]. The terms in the expression for f,. are compared
and discussed. All devices in this work are comprised of 1
X 8 um emitter contacts prior to the base contact etch and
2 x 12 pum Schottky collector contacts. For this reason,
the contribution to delay from R.,; has been neglected.

The values of these terms are summarized for the three
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Fig. 2. Hybrid-Pi model of bipolar transistor.

wafers in table 2, and for those terms that depend on re,
the emitter current taken was 10 mA for Wafers A and B,
and 8 mA for Wafer C since it exhibited significant Kirk
effect at 10 mA. C., has been extracted from the slope
of the imaginary part of Yi3. Re, was taken from the
zero intercept of the plot of 1/Re(Yo1) vs 1/le. 75 + 7¢
was determined from the zero intercept of 1/(27f;) vs 1/I,
with Re;Cep, subtracted off, and Cj. was determined from
the slope of that plot with C,., subtracted off. The data
for extraction of forward transit time and Cj, is plotted in
figure 3 for Wafers A and B. The reduced forward transit
time and Cj, for Wafer A as opposed to Wafer B are readily
seen. The reduction in Cj. is expected due to the lighter
doping in the base-emitter grade.

Ty + Tec rech reCj Rexccb peak fT

A | 0.41 ps | .045 ps | .084 ps | .092 ps | 254 GHz

B | 049 ps | .022ps | .13 ps | .052 ps | 229 GHz

C | 041 ps | .059 ps | .09 ps A1 ps | 236 GHz
TABLE II

COMPARISON OF TERMS IN fr.

The RF results for the device on Wafer A are shown in
figure 4. This bias point yielded the highest simultaneous
values of f; and f,,q.z. The value of 254 GHz for f, is the
highest yet for a bipolar transistor. The peak f,.qz is 233
GHz. Wafer B yielded somewhat lower f;, peaking at 229
GHz, but peak f.q: was over 400 GHz. This is expected
as Wafer B had a thicker collector, resulting in lower C_p,
but higher 7., collector transit time. Wafer C showed a
peak f, of 236 GHz at V.. = 1V and I, = 8mA, and peak
Sfmaz Of 244 GHz at that same bias point. Increasing the
current beyond 8 mA for this device did not increase f,
and decreased f.q.. The degradation in f,4, beyond 8
mA can be explained by the rise in C,, with current, due
to base pushout. This device appears to exhibit a lower
Kirk threshold (about 8 mA) than Wafers A and B, which
exhibited Kirk effect at about 11 and 12 mA, respectively.
This was not expected since Wafer C effectively has strong
pulse doping in the collector and a thin (2000A) collector
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Fig. 3. Forward Delay vs inverse emitter current. Calculation of

transit time and Cje.

depletion region. The pulse doping in the collector intro-
duces a strong electric field near the base which should
delay the onset of Kirk effect. It is possible that this elec-
tric field introduced by the pulse doping is sufficient to
transfer electrons to the L valley, decreasing the electron
velocity. Analysis of the Kirk effect threshold current den-
sity is complicated by the fact that the beryllium diffusion
profile from the base into the collector is unknown, and
may vary from growth to growth.

F is generally increased by thinning the semiconductor
layers to reduce the transit time. In addition to the increase
in Ry expected with a thinner base layer, the base thick-
ness cannot be arbitrarily reduced without incurring seri-
ous processing and yield penalties. Thinning the collector
semiconductor from several thousand angstroms to 1000
A presents little processing difficulty. However, the above
data shows that this reduction in transit time comes with
a serious reduction in fi,qz. The fq. drops much faster
as the collector is thinned than C., = €A /d would predict.

40 ] L MR A |
ZE :
T 243
£ E E
T E
O 167 MSG/MAG -
g2 f=254 GHz |
f =233 GHz
e max
0 ———r —
1 10 100
Frequency (GHz)

Fig. 4. Current Gain, Maximum Stable Gain, and Mason’s Unilateral
gain for device from Wafer A. Vce=1.0 V, Ic = 10 mA.



Additionally, as the collector semiconductor is thinned, in-
creases in f; due to reduced 7, are offset by an increasing
R.,C.y time constant.

The transferred-substrate process allows for narrowing
the collector finger to reduce C.,. Proportionally reduc-
ing the widths of the collector and emitter stripes reduces
RppCep, allowing high fi.. to be obtained in device layer
structures that have the thin collectors necessary for high
fr. Decreasing the ratio of collector to emitter stripe
widths reduces R.;C.p, as well as further increasing fiqz.
But decreasing this ratio will reduce the Kirk effect thresh-
old; this will lead to a compromise in which sufficient Kirk
threshold must be maintained to support high current den-
sity with a narrow enough collector to provide high fiqz-

IV. REsuLTs AND CONCLUSIONS

The transferred-substrate process has yielded devices
with record current gain cutoff frequency as well as high
fmaz, and is in a unique position to realize more dramatic
improvements. The next step to further improve both f;
and fqz s to reduce the ratio of the width of the collector
finger to the width of the emitter finger. Further reduction
in Cj is under investigation. The acquisition of a stepper
alignment tool will allow for reduction in the base mesa
size and all alignment tolerances. With this lithographic
capability the transferred-substrate HBT should advance
markedly in frequency performance.
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