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Power Gain Singularities in Transferred-Substrate
INAIAs—InGaAs-HBTs

Miguel Urteaga and Mark J. W. RodwgRellow, IEEE

Abstract—Deep submicron transferred-substrate heterojunc- was equal to a parallel plate capacitance determined from the
tion bipolar transistors exhibit peaking and singularities in the  collector contact dimensions. However, as noted in [1], [3], the

unilateral power gain (U') at high frequencies. Unbounded. has Fho ; : e
been observed in some devices over a 20-110 GHz bandwidth.gbsetrved hlgbh Ire?_u?ncyg)ower g.am otf ﬁlhesi deVICgS :js In part
Associated with the effect are a strong decrease in collector-base ue to a substantial (and experimentally observed) decrease

capacitance with increased bias current, and negative conductance N the collector-base capacitance with increasing collector
in the common-emitter output conductance G-=> and positive bias current. A reduction in collector-base capacitance with
conductance in the reverse conductancé;z. Unbounded U is  increased current due to electron velocity modulation in the
observed in devices operating at current densities as low as 0.56¢0lector depletion region was predicted by Moll and Camnitz

mA /um?. A potential explanation of the observed characteristics - . . .
is dynamic electron velocity modulation in the collector-base [5], and further investigated by Betser and Ritter [6]. Given

junction. A theoretical model for the dynamics of capacitance these data, it was noted in [1] that a determinatioif,of by a
cancellation by electron velocity modulation is developed, and its —20 dB/decade extrapolation of the measured unilateral power
correlation with experimental data examined. gain should be treated with considerable caution.

Index Terms—Capacitance cancellation, heterojunction bipolar Further investigation of the high frequency power gains of
transistors (HBT), InGaAs, InP, unilateral power gain, velocity submicron transferred-substrate HBTs has been pursued to
modulation. frequencies up to 220 GHz. Methods have been developed

for precision on-wafer characterization [7] across measured
|. INTRODUCTION frequency bands, and transferred-substrate HBTs have been
fabricated with emitter junction widths as small as Q8. For

¥ scaling heterojunction bipolar transistor (HBT) dlmen'Ehese recently fabricated devices, peaking, and in some cases

sions to the submicron scale, the magnitudes of the b%‘?ﬁ\@ularities, are observed in the high-frequency unilateral

resistance and the collector-base capacitance can be reduBS er gain. In some devices,is unbounded over a full 20-110
thereby increasing the power gain cutoff frequerfix [1]. _FaHz bandwidth. Associated with these observations are a rapid

In a series of pubhca’qons [2]_[4].’ transferred-;ubstrate H.B decrease in collector-base capacitance with bias current, and
have been reported with progressively decreasing lateral d'mﬁg' ative resistance trends in the device common-emitter output
sions of the collector-base and emitter-base junctions, as aregy ittanceY2,) and the reverse transmissitti, )

. 22 2)-

of which progressively increasing high frequency power gamsln this paper, an extended version of the Moll/Camnitz col-

have been observed. ; : . . .
. . . L . lector velocity modulation theory [5] is developed in which the
The observed trend of increasing device gain with scaling 15 . .
; . . . : igh-frequency dynamics of collector-base capacitance cancel-
more rapid than simple geometric scaling theory predicts |

In [1], a submicron transferred-substrate HBT was reporteqt'on are considered. It is shown that modulation of the electron

with measured 20 dB unilateral power gain at 100 GHz. xelocny in the collector by an applied collector-bgse_voltage
may produce both a frequency-dependent reduction in the ef-

_2.0 dB/d_ecade extrapole}tlon of the measured transistor POWELtive collector-base capacitance and a negative conductance
gain predicts a power gain cutoff frequenfy.x of ~1 THz. between collector and base
Utilizing a modified hybrid-pi circuit model that accounts for In Section Il ex erimen:tal data is oresented showing a
the distributed nature of the base-collector junction parasitics ction 1, €xp s p . 9
[1], and given the device geometry, the measufedind the singularity in the unilateral power gain of a submicron trans-

' ’ f%réed-substrate HBT. Evidence of bias dependent capacitance

measured base sheet and contact resistivity of the device, { . . . . .
ancellation and negative resistance effects in the device are

E)er%dEtHeg power gain cutoff frequency of the transistor is Onz&lso shown. A series of recent publications have presented a

The predicted power gain of the device was calculated um@/rpotheqs describing a resonance behavior in the umlateral
ower gain due to the dynamics of hole movement in the

the assumption that the parasitic collector-base capacnalg%ﬁector for HBTs operating under the condition of base

pushout. [8]-[10]. Given the similarities to the measured data,
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Il. EXPERIMENTAL DATA
A. Measurement Methods

On-wafer device measurements have been performed
6-45, 75-110, and 140-220 GHz frequency bands, usi
an HP8510 Vector Network Analyzer with Oleson test st
extensions for the higher frequency bands. The measureme o
were calibrated using a through-reflect-line (TRL) calibratio ©
[11], [12], with calibration standards realized on the devic .

unbounded U

ains,

substrate. o .
The transferred-substrate process provides a well-control ‘
microstrip wiring environment with a thin (xm) spin-on- V =14V, 1=5mA }
polymer dielectric substrate (Benzocyclobuteag, £ 2.7) [1]. (\je 04 V)° ‘\
The thin substrate thickness ensures a single-mode transmis: 0 0;" X 18 um emitter .,
line propagation environment across the measurement f 07 imxwg um collector ‘\
guency ranges. Electromagnetic simulations of the microst e — ——— e
lines have been performed, and corrections have been app 107 10" 10

to measurements to account for the complex characteris Frequency, Hz
impedance of the Line standard due to resistive losses.

The reverse transmission characteris{i€s,) of submicron rig. 1. Measured unilateral power gaitr), maximum stable gain (MSG),
HBTSs are difficult to measure due to the extremely small coknd short circuit current gait:2,) of submicron HBT (solid lines). Also
lector-base junction capacitance of the devieesJ fF). A stan- igclu_ded in the plot are simulated gains using transistor model developed in

. ection IV (crosses). The simulated results assume a low-frequency capacitance
dard 12-term network analyzer error correction does not acCoOdifcellation of 3 fF, which corresponds to the measured decreaSe, it
for coupling between on-wafer probes, and the magnitude tose bias conditions.
this coupling can be on the order 8f- for a submicron device.
To reduce probe-to-probe coupling, devices were embeddedsiripe dimensions 0.7 x 18.4 yum?. The layer structure was
lengths of on-wafer transmission line with a probe-to-probe segrown by solid-source molecular beam epitaxy at UCSB. Impor-
aration of~ 500 zm. The TRL calibration was used to place theant features of the layer structure include: an InAlAs—InGaAs
measurement reference planes at the device terminals. emitter-base heterojunction with chirped super lattice grading to

Quantifying the accuracy of network analyzer calibrations i@move the conduction band discontinuity, a 40®ase layer
difficult. The reflection coefficient of the open and short reberyllium doped at x 10* cm—2 with 50 meV compositional
flect standards are not specified in the TRL calibration, and thband-gap grading, and a 3080nGaAs collector doped at x
measurement of these provides a partial verification of the cah'é cm—3 with a 50A delta doping ofl x 10'” cm~2 located
ibration. Measurement of these standards showed little am@b0 AA from the base-collector junction. Details of the trans-
tude and phase variation in the 6-45 GHz and 75-110 GK#tred-substrate process flow are described in [1].
bands. For example, in the 75-110 GHz band, measurementEig. 1 shows the unilateral power ggir), the short circuit
of open-circuit and short-circuit calibration standards showedirrent gain(s,;), and the maximum stable gain (the device is
<0.1 dB amplitude variation and1.5 degrees phase variationpotentially unstable over the full measured frequency range) of

In the 140-220 GHz, measurements showed a larger degitee device measured at a bias conditiorVefy = 1.1 V and
of variation. Measurements of an open circuit standard after ci- = 5 mA. The unilateral power gain is observed to increase
ibration consistently showed0.2 dB of gain and a phase vari-and become negativeaB80 GHz, remaining negative across the
ation of~5 degrees over the band. Small gain variations can batire 75-110 GHz band. To better understand the consequences
tolerated in the measurements of tuned-amplifier circuits, anfla negative unilateral power gain, consider the expression for
the 140-220 GHz VNA has shown consistent measurementgofn terms of a two-port network’s Y-parameters [14]
such circuits [13]. For device measurements and parameter ex- )
traction, a higher level of measurement accuracy is required. U= [Yo1 — Vo
We are particularly concerned with our measurements of the 4(G11G22 — G21G12)
reverse transmission character.ist(&Q) of transistors in the_ hereG1, Gia, Gar, andGs, are the real parts of the network’s
140-220 GHz band, which as discussed previously, are d|ﬁ|c$:[ arameters.
to measure for submicron devices. For this reason, data frorrR‘

! i ote that under the condition of negative unilateral power
the 140-220 GHz band is not used to draw conclusions ab%‘éi{], an addition of the appropriate shunt resistive loading will
It

power gain singularities and negative resistance effects obseryg in unbounded’, and therefore, negativé is equivalent

in the reported submicron HBTSs. We are also hesitant to repftn,qunded (infinite) unilateral power gain. From (1), it s also
power gains measured in this band, but do include the data f)seryed that a negative unilateral power gain may be obtained
completeness. in the presence of a negative output conductdite) or a pos-
itive feedback componerity;2). An HBT in common-emitter
configuration will normally exhibit positive7s, and negative

We consider measurements of a transferred-substrate deviGge. Later in this section, bias dependent measurement data of
with emitter junction dimension8.3 x 18 pm?, and collector G, andGs» will be presented.

@)

B. Device Measurements
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Fig. 3. Transistor forward delafr.. = 1/2xf.) plotted versus inverse of
collector current at constant collector base volt&ge; = 0.35 V.

RSN
2\ unilateral power gain. Given the similarity of the theory to the
presented results and the fact that the publications make specific
reference to results from our research group, we feel it is neces-
sary to present data of highlighted importance in [8]-[10].
As the theory in [8]-[10] depends on the device operating

in the base pushout regime, we note for the data presented in

() Fig. 1, the operating current density of the device referenced to
Fig.2. Transistor S-parameters measured in 6-45, 75-110, and 140-220 @& emitter junction area is 0.93 niAm?2. The collector cur-
frequency bands (solid lines). Device bias conditidhs; = 1.1 Vandlc = yent density, which determines the Kirk threshold, will be even

5 mA. Also included in the plots are simulated S-parameters (6—110 GHz) usin . .
the transistor model developed in Section IV (circles). Sthaller due to collector current spreading [16]. Unbounded uni-

lateral power gain over the 75-110 GHz band was observed for
currents as low as 3 mA corresponding to an emitter current den-

For completeness, the measured device S-parameters acsg§Sf 0.56 maA im?.
all three of the measured frequency bands are presented iftjg. 3 shows the transistor forward delay time, = 1/2r f;,
Fig. 2. Note that whileSy1, S22, and Sy show a relatively piotted versus the inverse of the collector current at a constant
smooth variation across the three measurement bahdsn  pase-collector voltageycy = 0.35 V. The data does not
the 140-220 GHz range appears to deviate significantly frafow an increase in the delay time at increasing current den-
the trajectory of the measurements in the lower frequengyies, a phenomenon normally associated with base-pushout
bands. The deviation of;, supports the suspicion that théin silicon bipolar transistors [15]. In 1ll-V HBTSs, analysis
measurement may be corrupted from excessive on wafr hase-pushout operation is more complicated as ballistic
probe-to-probe coupling. electron transport may be enhanced at high current densities

For an HBT well described by a hybrid-pi model, the unilatf17]. We note that Fig. 3 shows a slight variation from a linear
eral power gain will show & 20 dB/decade roll-offindependentdependence that would be expected if the collector transit
of the reactances of the on-wafer embedding network and e did not vary with collector current. However, the voltage
transistor configuration (i.e. common-emitter versus commogependence of the base-emitter junction capacitance may also
base). This behavior motivates the usdjofo extrapolate the contribute to this observation.
Jmax Of & transistor. The presented measurement of the uni-The subf, resonance theory of [8]-[10] makes definite pre-
lateral power gain clearly does not show a well-behav@® dictions of measurable transistor quantities and these predic-
dB/decade roll-off, and the negative resistance effects obseryems may be compared to experimental data. Among these pre-
in measurements @f,, andG 2 are not predicted by a standardiictions are: an increase in the slope of the roll-off in the max-
hybrid-pi circuit model. imum available and maximum stable gain at frequencies above

A recent series of publications [8]-[10] has proposed a redtre resonance [8], an experimentally measured increase in the
nance behavior in the unilateral power gain for InGaAs collectooll-off of the short-circuit current gain for a device said to be
HBTSs operating under the condition of base-pushout [15]. Tleperating in base pushout [10], a peaking in the magnitude of the
theory proposes a sufy-resonance in the unilateral power gairtommon-base current gainw) followed by a steep decrease
followed by a much steeper thar20 dB/decade roll-off in the [9], [10], and a strong peaking in the effective collector-base ca-
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Bt b A reduction in the low-frequency collector-base capacitance of
; r ~2 fF is observed over the range of applied
71 r Associated with the observed singularity in the unilateral
1 - , L power gain are negative resistance trends in the HBT reverse
6 = %&‘ L conductanceé7,> and in the output conductance,,. Trends
| i i not predicted by standard HBT circuit models. To illustrate this,
5~: N W - considerYi, of an HBT described by a hybrid-pi equivalent
Wﬁfr i circuit model. To simplify the analysis, we consider the device
b 1 ) N to have zero series emitter resistance, an assumption that
o8 4i ——1c=01ma ] [ reduces the terms in the expression¥gs but does not change
| —=—1c=0.5mA | [ the overall behavior of the paramet®i, expanded to second
34 —_\Zaem® b orderin frequency is then given by
] —-é—lc-:'3.5mA L 1
2 _leTomA Yo =— ( X + ‘U2ch,i0beRbb> —jw(Cei +Capz) (3)
1 - where (4, is the base-emitter capacitance (junction and
] - diffusion), Ry, is the base resistancé€y, ; is the portion of
0 collector-base capacitance internalig, in the circuit model,
0 20 40 60 80 100 120 Cu 5 is the remaining collector-base capacitance external to
Ry, and R is a finite collector-base resistance that arises in
Frequency, GHz InGaAs collector HBTs from impact ionization in the collector
Fig. 4. Effective base-collector capacitanGg, at varyinglc and Vo =  [€910N.
0.35 V. For an HBT described by a hybrid-pi circuit model the real

part of Y12(G12), will show a parabolic variation with fre-
uency, and will always be negative. Fig. 5 shas for the
témsistor of Fig. 1 plotted versus frequency at varying collector
tffents and a constant collector-base voltege = 0.35 V.

1e data shows that at low bias curreidts, demonstrates

S frequency dependence of (3). However, as the current

pacitance with increasing frequency [9]. None of these expeﬂ
mentally observable trends were seen in the measured transié
characteristics. Given the aforementioned observations, it is

assertion that under the device bias conditions presented in }

paper, the HBT is not operating in the base pushout regime. . creases, the slope @, changes, and eventually, positive

N . X n
Foran |_ntr|n5|(_: HBT described by aTe_e-modeI with zero COE‘ 2 IS observed over portions of the frequency band. Similarly,
lector series resistance and zero extrinsic collector-base capél:—

: . ) . . 22, also plotted in Fig. 5, shows a trend toward negative
Ict)??rfg,ntgtsvg?lﬂez(:tsgrz?nsst:gn;gad@]g is described in terms output conductance with increasing bias current.

1 lll. CAPACITANCE CANCELLATION THROUGH ELECTRON

Yop = Ty — Zo1 @ VELOCITY MODULATION

The transferred-substrate technology has a zero series resi&l9- 4, as described in the previous section, shows evidence
tance Schottky collector contact, and an extremely low extrin<ié @ decrease in the effective collector-base capacitance of the
collector-base capacitance, justifying the assumptions of (g ansistor with increasing collector qurrent. In this s_ectlon, we
However, the technology suffers from relatively large input arféevelop a dynamic model for capacitance cancellation through
output parasitic capacitances to ground (1-15 fF), arising frcﬁ{gctron velocny modulation in the coI.Iector space charge re-
interconnect metal overlap with the thermal via undernea@pPn. In analyzing the effect beyond first order in frequency,
each device [1]. negative conductance terms are observed.

The input and output layout capacitances were extracted fronin advanced [ll-V HBTs, electrons entering the collector
S-parameter measurements using a technique similar to [1}ace charge region experience ballistic transport, and may
The output capacitance was de-embedded from the measufage! a significant fraction of the collector at a higher velocity
S-parameters of the device. Through circuit simulations, it wian the saturation velocity of the bulk semiconductor [17].
found that the addition of a parasitic input capacitance to a trah€e electric field profile in the collector influences the velocity
sistor model does not have a significantimpact on the imaging#tofile, as the kinetic energy of the electrons determines the
partYop extracted using (2), and for the data presented hefgattering probability to lower velocity satellite conduction
this capacitance was not de-embedded from measurementsbands. At higher applied collector-base voltages, InGaAs-col-

An effective collector-base capacitance can be defined lastor HBTs will typically exhibit larger collector transit times
Ca = Im(Yeop)/w. Fig. 4 shows bias dependent measurglue to a lower effective velocity. Modulation of the collector
ments ofC,, plotted versus frequency in the 6-45 GHz anuelocity changes the collector space charge profile due to
75-110 GHz bands. The data is plotted for various valutige redistribution of the density profile of mobile electrons.
of collector currentlc and a constant collector-base voltag€apacitance cancellation arises because modulation of mobile
Veg = 0.35 V. The effective collector-base capacitance isharge in the collector screens the base and collector terminals
found to have a large dependence on the device bias conditidnem changes in the electric field.
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In this expression we have ignored a term related to the
collector-base output conductance, which is shown by Betser
and Ritter to be insignificant for practical HBTs [6].

The static derivation of capacitance cancellation is limited by
I the charge control assumption that changes in the collector space
B charge occur instantaneously. Clearly, this assumption must fail
at frequencies approaching the inverse of the collector transit
B time. It will be shown in the derivation that follows that the de-

I gree of capacitance cancellation decreases with increasing fre-
quency, and more importantly, that negative resistance effects
due to electron velocity modulation may be significant at rela-
tively low frequencies.

We consider the dynamics of capacitance cancellation under
the assumption of a collector electron velocity which is a
function of Vqg, but explicitly ignore the variation of velocity
as a function of position within the collector. Having in the
preceding discussions considered the importance of ballistic
120 transport effects in the collector, we recognize that the resulting

analysis is therefore only approximate. However, our goal is to
Frequency, GHz present a theory as to the origin of negative resistance effects in

@) InGaAs-collector HBTs through velocity modulation, and not
to develop an exact model.

The dynamics of capacitance cancellation will be analyzed in
the time domain. We consider an HBT operating with a dc col-
lector-base voltag® cp o and a dc collector currerit o. For
the given bias conditions, electrons in the space-charge region
travel with a velocityv,, and we further define an inverse ve-
locity s, = 1/v,.

The collector region has a thickneB&- and is uniformly
doped at a concentration &fp. We assume that the collector
region is fully depleted at the applied DC bias conditions, such
that W is not modulated by small changes in the applied col-
lector base voltage. To further simplify the analysis, we assume
that the base and subcollector regions are heavily doped and
undepleted. Under these assumptions, the entire collector-base
voltage is dropped across the collector space charge region. The
total charge density in the region is given bjz) = ¢Np —
| ] JEs., whereJg = I¢ o/Ag is the current density entering the
510 +——— collector region from the base.

0 20 40 60 80 100 120 We consider the time evolution of the current at the collector
terminal in response to a small step in the collector base voltage
AVep appliedat = 0. Att = 0%, there will be an instanta-

(b) neous change of the sheet charge at the base and collector termi-
Fig.5. G1. () andG.. (b) plotted versus frequency atvaryihgandve =  hals determined by the dielectric capacitance of the depleted col-
0.35 V. lectorregion. Thechangeinelectronvelocitycausedbytheapplied
AV gisassumedto occurinstantaneously and uniformly across

A static derivation of capacitance cancellation through thf8€ collector space charge region. The inverse velocity after ap-

phenomenon was proposed by Moll and Camnitz [5], and mdphication of the voltage step is given bjr) = so + As, where

fully developed by Betser and Ritter [6]. In the static derivations = AVer(9s/9Vog). As discussed previousi s would
the intrinsic collector-base capacitance of the HBT is given b{jormally be positive for an InGaAs-collector HBT, however, the
derivation that follows is valid for arbitramxs.

eAg lokre, The mobile electron charge in the collector region can be
Cop = We Ie Ves |y 4 viewed as a collection of traveling sheets of charge. The dis-
‘ placement current generated at the collector terminal from a
where Ag is the emitter area; is the dielectric constant, andsheet of charge with densipy, traveling at velocityy through
W is the thickness of the collector depletion region. The terthe depleted collector is given bl = —psv/W¢, where we
eAg /W is the standard dielectric capacitance, and the tetmave defined/, to be a positive current if flowing into the col-
—Ic01c/0Ver|w, represents the capacitance cancellatiofector terminal.
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Fig. 6. Electron space charge density in collector region at timadter 2107
application of collector-base voltage step.
. . . o -3
At t = 0*, the electron charge in the collector is uniformly -2510" e 210
0 50 100 150 200 250 300

distributed, and we divide the region into sheets of charge
thicknessAz and charge density, = —Jgs,Az. The total Frequency, GHz

— ot i i
coIIec_:tor current at = 0 Car_‘ be_ determined by SummlngFi .7. Effective collector-base capacitari¢é., ;) and real part o¥., from
the displacement current contributions from all of the sheets (@?_

charge in the collector region while taking: — 0. The change

in collector current is then given by not hold at high current densities, where the density of elec-
We trons is comparable to the collector donor charge. Extending
JESe calculations to include the effects of current modulation on the
Adoli—or = / mdl’ —JE electron velocity may be necessary to more accurately model
0 the collector-base admittance at high current densities.
_ Jeso T~ —JpAs ®) Using the same formalism used to derive (5), we can calcu-
(80 + As) ES s, late as a function of time the change in current at the collector

o ) ‘terminal with the charge density described by (6).
Note that although the charge density is determined by the ini-

tial unperturbed electron velocity, the perturbed velocity is used, (t) = { % + #ﬁit: for0 <t < We(s, + As)

to describe the moving charge sheet. Equation (5) shows that 0, for We (s, + As) < t.

immediately after the application of the collector-base voltage

step the collector current has been reduced from its initial valluation (7) shows that the collector current initially decreases

Jg, indicating a trend toward negative conductance. It is ind then linearly increases back to its dc vallg which it

portant to note thafiz, the electron current entering the colfeéaches at timeé = Wc(so + As) when the electron charge

lector region, will not vary with the applied Ve 5. The base front has filled the collector region.

region in -V HBTSs is highly doped and modulation of the The time dependence o_f the collegtor current has been cal-

collector-base voltage will not cause a significant change in thllated for a step change in the applied collector-base voltage.

base width, and hence, the electron current entering the colled#$¥ng Fourier techniques, the step response can be used to cal-

will stay constant. This conclusion is supported by lack of Earfjulate the frequency response of the collector current to an ap-

effects in standard Ill=V HBTSs. plied collector-base voltage, and an effective collector-base ad-
To evaluate the time evolution of the collector current, wlittanceYy, = 01./0Vep|1, can be determined.

must consider the redistribution of electron charge in the col- The calculation ofY, is described in the Appendix. It is

lector region. We assume that the redistribution of the electr8Rown that the effective collector-base admittance is given by

space charge takes place as a moving charge front as illustrated oI, Ico Ot o SiDWT,

in Fig. 6. The charge front enters at the collector-base junctionYcs = Vep = <1 —e’ —>

7. OV wT,
and travels through the collector at the perturbed electron ve- Is ¢ CEf ¢
locity, such that the charge distribution at timis given by _ _ Cebcanc (1 _ i w) 8)
Te WTe
t
n() = qNp — Jg(so + As), for0 <z < =75 where 7. is the collector transit time, an@. cane =
qNp — Jgs,, for m <z < We. Icp01./0Vep is the low frequency capacitance cancellation.

(6) Expanding (8) to second order in frequency gives
At t = We(so + As), the collector charge density has reached
its uniform steady-state distribution determined by the perturbed Yoo =
electron velocity.
Modeling the electron charge redistribution as a uniform Equation (9) shows that at low frequencies the base-collector
moving charge front assumes that the density of electrons deesnittance due to velocity modulation can be described by
not in itself perturb the electron velocity. This assumption may series network with a negative capacitance of magnitude

i FOW) +.... (9)
3
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Fig. 8. Equivalent circuit model and parameter values used to simulate HBT. Admittancéblockplements capacitance cancellation model of (8).

Cepbcanc IN series with a negative resistance of magnitudée collector-base voltage. This derivative is taken under the con-
27./(3Ce,canc)- This network appears in parallel with thedition of a constant collector depletion region thicknggg:),
dielectric capacitance of the intrinsic collector-base junctioand as pointed out in [6] this parameter is not generally available
Equation (9) is useful for modeling the effects of velocitfrom measured transistor data. However, in the transferred-sub-
modulation at low frequencies, and provides physical insight #rate technology the lightly doped collector region is followed
describing these effects. However, for the simulations presentgga Schottky collector contact, and if fully depleted, we expect
in the remainder of this paper, the full frequency dependegfobserve little variation in the collector depletion thickness. If
expression fol, (8) is used. the depleted collector thickness does not vary with appliegd,

Fig. 7 shows the equivalent collector-base capacitangfen an approximate measure of the tdgmr, /OVe | w,. can
(Ceperr = Im(Yep) /w) and real part of,, calculated from (8). pe determined from the change in the transigtdn response to
The data is plotted to 300 GHz and assumes a low frequeng¥mall change in the collector-base voltage.
capacitance cancellation of 2 fF and a collector transit time of £ the transistor described in Section II, the HB Was mea-

0.5 psec. Itis seen that with increasing frequency the effectiygyq 4t a constant collector currentandthe collector-base voltage
negative collector-base capacitance decreases, while the yeal  4ried between 0.35 V and 0.45 V. At a collector current of
partY., becomes more negative. 4.5mA, anf, = 123 GHz andf, = 117 GHz were measured at
Ves = 0.35VandVeg = 0.45V, respectively. If the decrease
in f, issolely attributed to anincreaseinthe collector transittime,
In this section, the collector-base admittance model devéen the low frequency capacitance cancellation is approximated
oped in the previous section will be added to a small-signal HBW Cep cane = IcAt./AVep = 3.0 fF. This value indicates
model, and observations of negative resistance effects in devisat electron velocity modulation can account for the large rela-
simulations will be presented. Prior to developing the circuitve decrease in the measured low frequefigy Unfortunately,
model, we consider whether electron velocity modulation catlue to their poor breakdown and thermal characteristics, the
explain the degree of capacitance cancellation observed expeaiidity of (4) can only be tested over a limited bias range for
mentally in transferred-substrate HBTSs. InGaAs-collector transferred-substrate HBTs. A more detailed
The static capacitance cancellation model of (4) relates thgperimental consideration of (4) was performed in [6].
low- frequency reduction in the effective collector-base capaci- The transistor is modeled using a modified Tee-topology
tance to the derivative of the collector transit time with respecthown in Fig. 8. The intrinsic elements of the model are

IV. EQUIVALENT CIRCUIT MODEL
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common to a standard bipolar Tee-model [19]. Additiona 9 104 +—— e AR R
elements are included to account for the distributed natu .r""""'""""\., %
of the collector-base junction parasitics [1], [7], and we will o] M g
describe those terms in detail. 0107 ' I
The termsC,; . andCyy, 44, represent the portion of the col- .
lector-base capacitance directly under the emitter and the g 210 ]
between the emitter and base contact, respectively. The vall ¢
of these parameters are calculated using the estimated transi:
geometry. The additional capacitan€g, ..+ accounts for the @ -
remaining collector-base capacitance that is extracted froo® 610
measurements at zero collector current and the applied base « ]
lector voltage such that,; ..t = Cepomeas — Ceb.e — Ceb gap- -810°*"
The resistancesi,pread, Reont and Ry, represent the ]
spreading resistance under the emitter, the base cont -110%7]
resistance, and the gap resistance between the emitter : ] i
base contact, respectively. The additional resistafge.; A4.210° T T T T T
accounts for the vertical access resistance over the porti 0 20 40 60 80 100 120
of the base contact that overlaps the collector contact, al Frequency, GHz
Ryori- represents the lateral sheet resistance over the same @
path. The physical values of the resistances were determined
from the estimated transistor geometry, and sheet and cont: PP S P I
resistances that were measured on the transistor epitaxy by 1 ] 3
TLM method. 010° F
The collector-base admittance due to electron velocity moc i
ulation (8) is included in the model as the admittan¢g ap- -110™]
pearing in parallel wittC,; .. For simulations, a low frequency
collector-base capacitance cancellatidndr./0Vep) of 3 fF
has been assumed. This value corresponds to the measured
crease inC, for the device at the bias conditions of Fig. 1. "
The remaining terms in the small-signal model were determine © 4 101
using a bias dependent extraction technique similar to that pr ]
sented in [20]. A complete description of all of the paramete -510"7
values is included in Fig. 8.

-410*

Siemel

Siemens

4
Included in Fig. 1 are the simulated unilateral power gain ~ ©'0"
maximum stable gain and short circuit current gain of the trar 7 1o+
sistor model of Fig. 8 plotted to 220 GHz. In Fig. 2 the simulatec
0 20 40 60 80 100 120

S-parameters from 6-110 GHz are included with the measur
S-parameter of the device. Besides the extraction methods ¢..
scribed above, no further optimization of the model parameters (b)

was performed. Still, relatively good agreement is seen betwegg) 9. Real part of transistor Y-parameters (&), and (b)G.. Measured
measured and modeled transistor S-parameters. Additionally',a@ (solid lines) and simulated data (circles) at same bias conditions as Fig. 1.
singularity is observed in the simulated unilateral power gain oc-

curring at a frequency 050 GHz, and” remains unbounded pq¢ jinear, and larger variations in the Y-parameters may be ob-

over the remaining simulated frequency range. Because of &\eq for smaller relative variations in the S-parameters. This
high frequency limitations of the Tee-model and the approxs particularly true when the S-parameters lie near the edges of

mations used to derive the collector-base admittance model, )& siith chart, as is the case with transferred-substrate HBTs.
will not use our model to make any predictions of the transistor’s

fmax- We do note that the transistor power gain benefits from the
negative resistance effects observed in the collector-base admit-
tance, as the simulated maximum stable gain of the device is obPower gain singularities have been observed in the measure-
served to increase with the addition of the dynamic capacitanoents of submicron InGaAs-collector HBTs. Associated with
cancellation model versus a purely static capacitance cancellese singularities are trends toward negative conductance in
tion model. the common-emitter output conductance, and positive conduc-
Negative resistance trends observed in the measurementdanee in the common-emitter reverse transmission characteris-
also seenin the simulated results. Fig. 9 shows the measuredtiogl These trends cannot be predicted by standard HBT circuit
simulatedG, andG», of the transistor. Larger negative resisimodels.
tance effects appear to be seen in the measured transistor pararihe HBTs also exhibit a decrease in the effective collector-
eters. The transformation from S-parameters to Y-parameterbése capacitance with increasing current density. A dynamic

Frequency, GHz

V. CONCLUSION
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model for collector-base capacitance cancellation due to el&¢e note that this derivation has been performed under the con-
tron velocity modulation in the collector has been developedition of a constant currentz entering the collector depletion
This model was incorporated with a small-signal equivalentgions, as is necessary for deriving the small signal base-col-
HBT circuit model and singularities in the simulated unilateraéctor admittance.

power gain were observed.

A consequence of the observation of singularities in the uni-
lateral power gain is that the transistfy;.. cannot be extrap-
olated from measurements &f However, a sharp increase in
the roll-off of the transistor’'s maximum stable/maximum avail-
able gain was not observed at higher frequencies, and trans-
ferred-substrate HBTs exhibit high levels of power gain to the 7]
frequency limits of commercially available network analyzers.
Indeed, single-transistor amplifiers using transferred-substrate
HBTs have exhibited 6.3 dB gain at 175 GHz [13]. Ultimately, 3]
it is through direct measurement and the use of devices in cir-
cuit applications that the maximum usable frequency of highly
scaled transistors will be determined.

(1]

(4]
APPENDIX

The step response of the change in collector current to an ap-
plied collector-base voltage in the presence of velocity mod-[5]
ulation is given in (7). The frequency dependence of the col-
lector-base admittance will be determined from the impulse re-
sponse of the collector-base current. Given the same DC biafs]
conditions and collector velocity assumptions described in Sec-
tion Ill, we consider a voltage impulse applied at time= 0
described bA V(1) = (vepAt)é(t), whereve g is the mag-
nitude of the applied impulse anit is the duration of the im-
pulse. g

The impulse response of the change in collector current car{
be determined from the derivative of the step response given by
(7). The impulse response of the collector current is given by  [°]

(7]

—JgvepAt  0s
Ad(t) = = 2= 5rmo(t) 0]
JevepAt Os

(Al)  [1]

t 1
t - = .
S%WC BVCB ree <W80 2>

This expression can be rewritten to include the collectof'?
transit time. Under the assumption of an electron veq;s
locity that does not vary with position in the collector,
the collector transit time is given by. Wes/2 and

87‘0/8‘/03 = (8/8VCB)(W08/2) Z(Wc/?)((?S/@VCB) [
Substituting these expressions into (Al) gives [15]

14]

o —JE?)CBAt 87‘C

Ade(t) = . Won 6(t) [16]
JEUCBAt 0TC t 1
277_3 Wop rect (2—% — 5) . (A2) [17]

[18]
The small-signal collector base admittance is found by taking
the Fourier transform of the impulse response (19]

Afc(w) o %[AEAJC(t)]

Y, = =
oB(@) = AVer@) ~ SAVen() [20]
—Ico Ot . sinwTe
=G 1 —eiwme 2YTe) (A3
Te 8VCB< ¢ WTe > (A3)
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