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We report results of studying nonequilibrium transport in heterostructure bipolar transisiors at
a millimeter-wave band. Increasing the total potential drop in the collector from 0.88 to 1.6 eV
changes the measured intrinsic transit delay from 0.32 t0 0.63 ps due to the increasing
importance of intervalley scattering. Both the experimental and calculated data illustrate the
role nenequilibrium transport and intervailey scattering have in determining the fundamental

limits to device performance.

The ultimate speed of a bipolar transistor is determined
by electron transit time through the base r,, and the collector
7.. Reducing the vertical dimensions of the base and collec-
tor reduces thistime, 7 = 7, + 7... In the past, hot-electron
spectroscopy has been used to study nonequilibrium elec-
tron distribution functions in heterostructure bipolar tran-
sistors (HHBTs) (Ref. 1). However, until now, the dynamics
of electron transport in such devices have not been directly
measured. For the first time, we report results of measuring
the intrinsic transit time of noneguilibrium carriers in subpi-
cosecond HBTs. Numerical simulations, which include a de-
tailed description of carrier scattering mechanisms in these
devices, confirm the dominant role nonequilibrium carrier
transport has in determining high-speed performance.

A schematic band diagram of an InP/In,,; Gag,; As
HBT is shown in Fig. 1. As illustrated in the figure, the
transistor operates by injecting a nonequikibrium distribu-
tion of electrons with excess kinetic energy, £ = 300 meV,
into the bage. The devices used in our experiments have a
base thickness Z, = 500 A, collector thickness Z, = 3000
A, and are similar to those previously reported in Ref. 2. The
wide band-gap n-type InP emitter has an area 2.5 X 11 gm?,

p-type doping in the In, 53 Ga, ., As base is 1 X 10% cm™?,

the In, 5, Ga, 4, As collector isdoped n type to 3 X 10 cm 7,

and the subcollector is heavily doped # type 5X 10 cm™°.
The total potential across the collector depletion region is
e Small-signal s parameters were measured from 1 to 40
GHz using a pair of millimeter-wave wafer probes and an
HP8510B vector network analyzer. It is essential to perform
these measurements with the sample maintained at a tem-
perature of 80 K so that intrinsic transit time is the dominant
transistor delay and parasitics such as emitter charging time
are relatively small. The solid curve in Fig. 2(a) shows typi-
cal current gain |4,,| dependence with frequency. A current
gain cutoff frequency, fr = 244 GHz, can be extrapolated
using a — 20 dB/decade roll-off {broken curve in Fig.
2(a)]. Figure 2(b) shows the dependence of f- on ¢, fora
fixed collector current . = 31 mA. The reduction of /- for
s < 0.9 eV is due to the increase of collector capacitance
from the forward-biased base-collector junction. For
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G >0.85 eV, the coilector space-charge region is fully de-
pleted, Z, is constant, and the decrease of /- arises only from
an increase in 7. Since 7, represents more than 60% of the
total extrinsic emitter to collector signal delay, we are able to
reliably calculate the transit time 7 from the magnitude and
phase of the measured s-parameter data. The error between
the measured and modeled data is less than 109% as discussed
in Ref. 3.

We have used Monte Carlo techniques to simulate non-
equilibrium electron transport in these devices. Scattering
mechanisms in the base include screened ionized impurity
and the charge carrier/optical phonon excitations of the de-
generate hole gas. The dominant scattering mechanisms in
the collector depletion region come from optical phonons
and intervalley scattering. The techniques used to calculate
the appropriate scattering rates have been described pre-
viously.*® The numerical methods used in our calculations
are similar to those described in Ref. 7 and parameters for
In, 5, Gag 4, As were tzken from Ref. 8. The broken curve in
Fig. 3(a) shows a calculated collector current response to a
uniformly injected 3.6 ps emitter current pulse (solid curve)
containing 24 000 electrons for ¢z = 1.0 V. Noise in the
cutput signal arises from the stochastic nature of the scatter-
ing processes in the base and collector.

It is apparent from Fig. 3(a) that the transistor impulse
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FIG. 1. Schematic band diagram of a biased N-p-n HBT. The wide band-gap
InP emitter injects electrons with excess kinetic energy £ = 300 meV intc
the base region of thickness Z,. After traversing the base electrons are ac-
celerated in the electric field of the collector depletion region. The collector-
base bias is ¥ and the iotal potential drop in the collector is ¢z... The
conduction-band minimum CB, ., , the hole Fermi energy E,. , and the elec-
tron Fermi encrgy £, are indicated.
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FIG. 2. {a) Sclid curve shows the measured small-signal common emitter
current gain {4, | with frequency fin the range 1-40 GHz The transistor
has an emitter area of 2.5 X 11 gm” with a collector current [ = 31 mA and
collector-to-emitter bias ¥, = 1.1 V. The broken curve shows a — 20
dB/decade roll-off extrapolating to a cutoff frequency f,- = 244 GHz. Mea-
surements were performed with the sample maintained at a temperature of
7 =80 K. (b) Plot of cutoff frequency f, with total potential across the
collector depletion region &,-. Measurements were performed with
I.=31mAand T == 80 K.

response involves different delay times. This may be under-
stood by noting that electrons which scatter into the low
velocity (v=2 X 107 cm s~ ') subsidiary valleys take longer
to traverse the active region of the device than those elec-
trons which remain in the high-velocity (v=10° cm s %)
central valley. To guantify the importance of subsidiary val-
fey transport in determining current flow through the de-
vice, we show in Fig. 3(b} a plot of the fraction, x, of elec-
trons remaining in the I valley at various positions £ from
the £-B junction as a function of ¢, at steady state. For
Z = 1000 A, rearly all electrons remain in the [ valley for
all values of . The significance of this is that all electrons
traverse the base in the high-velocity I valley. For Z = 2000
and 3000 A, increasing ¢, tesults in a decrease in the num-
ber of electrons occupying the central valley, while the num-
ber in the low-velocity subsidiary valleys increases. There-
fore, we expect the intrinsic delay 7 to be determined by
collector transport and to increase with ¢ -, This suggests
that at least two delay times (7, and 7, ) are required to
properly describe the high-frequency response of the transis-
tor. However, the transistor’s smali-signal microwave mea-
surements are interpreted in terms of a single ensemble aver-
aged time constant. Nevertheless, as may be seen from the
experimental resuits shown in Fig. 4(z), this measurement
technique is sensitive to the I'-valley population. The mea-
sured increase in 7y with ¢y verifies the expected trend,
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FIG. 3. {a) Numerically simulated collector current response {(broken
line) to a uniformly injected 3.6 ps cmitier current pulse (solid line) con-
taining 24 000 electrons with ¢~ = 1.0 ¢V, Parameters used in calculation
were =300 meV, Z, =500 A, Z. = 3000 A, p=1x10% em *, and
T = 80 K. (b) Plot of the calculated fraction x of electrons remaining in the
T valley for the indicated positions Z from the E-B junction as a function of
#pc at the steady state.

namely, 7, increases from 0.32 ps at - = 0.88 eV to
Tr = 0.64 ps at @ = 1.6 eV. The reason why the averaged
delay time successfully models the small-signal characteris-
tics of a device with a fraction x of injected electrons with
time constant 7; and common base current gain 2, in chan-
nel 1 and (1 — x) electrons with time constant 7, and cur-
rent gain o, in channel 2 is that the difference between T,
and 7, is not very large (7, < 37, }. Thus, when solving for
the frequency @y at which the gain |4,,| = 1, we obtain an
average delay 7, = 2w/wy where

- Wy

X e

FwpT, z
_ P= 1, (1
+ (1 —x)a,e 7]
which quite accurately describes the response of the base and
collector of the transistor and is typically sensitive to x. For
large differences between 7, and =, (e.g., 7, = 107,), the
behavior is more complicated and the use of at least two time
constants in analyzing the microwave response is necessary.
We are unable to measure the large-signal response of
the device at high frequency. However, results of calculating
the delay time +'%, 7'°%, and 7°°% are shown in Fig. 4(b).
The delay time 0% associated with the initial 50% fall in
collector current takes longer than 7* ™ because a longer time
is needed to coliect electrons scattered into subsidiary val-

+ {1 —x)a,e
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FIG. 4. (a) Plot of the measured transit delay 7, as function of ¢g-. (b)
Results of calculating 7%, 7'°%, and 7°°% as a function of ¢ for the pa-
rameters used in Fig. 3{a).
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feys. This can be understood by observing the steady-state
fraction of electrons remaining int the I valley near the col-
lector contact (Z = 3000 A) shown in Fig. 3(b). For dge
< 0.8 eV, intervalley scattering plays an insigmificant role in
determining 7'%. In this situation 7' ® is due to extreme non-
equitibrium electron transport through the structure. By
way of contrast, for given ¢pe, 707 shows a much larger
delay. This is because the large signal response invclves elec-
trons which have scattered into the low velocity, low-mobif-
ity subsidiary valleys. The similarity between measured 75
in Fig. 4(a) and calculated 7'% in Fig. 4(b) suggests that
nonequilibrium central-valley transport dominates the
small-signal microwave response. As a point of reference,
GaAs, with its small subsidiary valley energy separation,
cannot support nonequilibrivm I-valley transport for any
practical value of ¢z

In conclusion, we have used low-temperature micro-
wave measurements combined with numerical simulations
to study the dynamics of nonequilibrium electron transport
in subpicosecond HBTs. For the first time, the infiuence of
nonequilibrium electron transport on intrinsic device perfor-
mance has been determined. The measured small-signal in-
trinsic transit delay 7, increases from .32 to 0.63 ps with
increasing collector potential drop, from ¢, = 0.88 to 1.6
eV, due to the increasing importance of intervalley scatter-
ing. Moreover, calculations also indicate that this scattering
mechanism strongly influences the large-signal response of
this device. Low collector supply voltage and small-signal
swing are required to make an efficient use of noneguilibri-
um [-valley transport in compound semiconductors.
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