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Abstract—t is well known that Cy. is the dominant nonlinear
element in heterojunction bipolar transistors (HBTs). To study its
behavior, an analytical nonlinear HBT equivalent-circuit model
has been developed. The present model includes the effect of the
ionized donor charge in the depleted collector region compensated
by the injected mobile charge. The model-based simulation shows
that, at a small-signal range, the third-order intermodulation
(IM3) of the normal HBT has the normal 3:1 gain slope gener-
ated by the nonlinearity of Cy.. At a large-signal level, the load
line passes through some regions with constan®,. because its
collector is fully depleted by the injected free carriers, and the
growth rate of the IM3 is decreased. The punch-through collector
HBT has constantCy. during the whole RF cycle, and the IM3, ’
which is generated byg,. nonlinearity, has the normal 3:1 gain
slope for the all input signal level. Therefore, the IM3 level is
significantly lower for the punch-through HBT at a low-power
level, but the IM3s of both devices are comparable at a high-power
level. The experiment supports our proposed model.

. . . . Fig. 1. Schematic of the HBT used for the analysis.
Index Terms—Base—collector capacitance, heterojunction bi- 9 ' . ys!

polar transistors, intermodulation distortion, linearity.
The physically based large-signal HBT model includes the
|. INTRODUCTION effect of the ionized donor charge in the depleted collector

region compensated by the injected mobile charge.(has,

T HE transmitter of the handset of digital mobile commuerefore, dependent not only on the base—collector voltage,
nication systems requires highly efficient linear poweyt aiso the collector current. In order to study thg effects
amplifiers [1]-[4]. Heterojunction bipolar transistors (HBTShn nonlinear properties, we compared two kinds of HBTs.
are widely _used for the ampllfle_rs and their intermodulatiof,e punch-through HBT has a fully depleted collector by the
(IM) behavior has been extensively measured and analyz&giector bias voltage even at a low current level. It has constant
[4]-[12]. The good linearity of HBTs has been attributed t@;, ' quring the whole RF cycle, and its third-order intermodu-
the partial cancellation of intrinsic no_nlmear currents [5], [8liation (IM3) has the normal 3 : 1 gain slope for all signal levels.
[10] or the feedback effect of the emitter and base resistang§s the other hand, the HBT with the normal collector exhibits
[9]. It is commonly known that’;. is the dominant nonlinear 4 strong nonlinearity of”,. at a small input power, and the
source and should be linearized to reduce the IM distortiof}s3 of the HBT is a lot lower than that of the punch-through
[7], [91-[12]. The HBTs with the punch-through collector aygT, At a large-signal level, however, the collector can be fully
the.ope.ra'uon bias point showed a higher third-order '”termogépleted by the injected charge afigh becomes constant for
uation intercept point (IP3) than the normal HBTs. Howevege some portion of RF cycle. Therefore, the gain slope of the
the IP3 represents a small-signal behavior only. To investiggj#3 is decreased and at a very high power level, and IM3 is
the contribution of the nonlineat’. for the distortion at a 4jmost comparable to that of the punch-through HBT. To verify
large-signal level, we developed an analytical nonlinear HBfe model, HBTSs with a punch-through collector and normal
model in a commercially available harmonic balance simulatQfy|iector were fabricated and tested. The experimental data

i.e., ADS, using symbolically defined devices (SDDs). Bgypport the results of the present model.
considering self-heating and recombination effects, the model
accurately describes the bias dependence of the current gain.
Il. NONLINEAR HBT MODEL
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the Agency for Defense Development and by the Ministry of Education under Fia. 1. In this fi S d h idth. | h
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TABLE | whereprc, pac, and poo are the specific contact resistivi-
HBT MODEL PARAMETERS USED IN THE SIMULATION ties of the emitter, base, and collector, respectively, whilg;,
Symbol Value Symbol Value and Rsc are the sheet resistances of the base and subcollector

peEc | 1 X 10-°Qem? || €E aiGaas | 1.09 x 10-2F/cm layers, respectively, anli- is the thickness of the depleted col-
oBc | 3% 107°Qcm? ep,ec | L1I6 X 1071°F/cm lector. All the other parameters have their nominal meanings.
pcc | 1x107%Qcem? Vru 0.0259 V The nonlinear current sourcés. andl... are given by [14]
Lg 22 um AE¢ 0.205 eV
Lp 26 um AEy 0.109 eV Vi Vi
Lc 26 um Nep 4.7 x 107em 3 I..=1gs {exp Ao _ 1} —arlcs {exp CALIS 1}
Sk 2 um Nyva 7.0 x 10%em =73 kT kT
S 1 um m,, 0.07m, qVie
Sc 3 um my, 0.5m, + Igr |exp T 1 (5)
SEB 0.2 um Vgat 4.1 x 107cm/s m
See 3 um JER 5 X 10_”A/cm2 que quc
Sco 1 um m 1.92 I.c =aplps |exp T 1| — Ics |exp T 1 (6)
L. 50 pH Cpbe 0.11 {F
L, 0.47 pH Chce 0.10 fF ) )
L. 0.20 pH Cope 94 F wherelgs, ar, Ics, anda; represent the emitter saturation

current and current transfer ratio in the normal mode and the
collector saturation current and current transfer ratio in the in-
verted mode, respectively, afigr accounts for the recombina-
tion current.

The stored charges at the base—emitter junefjignare com-
posed of depletion and diffusion charges and are given by

Collector
13

Base
o—|

= Qpe = \/2¢qNg (\/ﬁ — \/ Dpe — %e) Ap+1L..1p (7

whererg is the base transit time. The base—emitter capacitance
can be calculated froftQ);. /dV,.e) in the ADS program.

The Cy; is carefully modeled. The model includes the ef-
fect of the ionized donor charge in the collector-depleted region,
which was compensated by the injected mobile charge. The de-
. pletion thickness X ) in the collector is modulated by the in-
the base and collector afp a_mdSBc_, respgcnvely. The de—_ jection charges [15], and even for the device with an undepleted
vice model parameters used in the simulation are summariz&fliector at a given collector bias, the collector can be fully de-
in Table_l. All equivalent-circuit parameter values are Obtaineﬂeted by the charge. Assuming that the conduction current in
as functions of the HBT structures [13], [14]. the collector region is mostly by drift and the carriers travel at a

Fig. 2 shows the nonlinear equivalent circuit for the analysigonstant velocity of.,;, the mobile carrier concentration in the
In the figure, R., R;1, and Ry, are linear components while pyse_collector junction is simply = J¢ /qusar, WhereJe is

Re, lee, Leey Cpe, Cei, and Gy, are bias-dependent nonlinearg|jector current density. The Poisson equation in the depleted
components, which are calculated from the HBT structite. cqjjector region simplifies to

Ly, L., Cpye, Cpee, andCyy,. are parasitics and are extracted by
fitting to the measured-parameter data. The parasitics for our

devices are also listed in Table I. The ohmic resistances of the % = 1 <ch _Je ) . (8)
X €g

Fig. 2. HBT large-signal model.

HBT are calculated from the following equations: Usat
R. = PEC + ! We (1) By integration of both sides for the depletion region frore: 0
Sele  quneNE Splp to X with the boundary condition of electric field X)) = 0,
we obtain
_ RspSkr | VpcBsh Rsp
Rb1 = + coth S}; e (2)

2Lg 2Lp pPBC 1 Je
e(x)=—|gNe — — ) (= — Xo). 9)

R, — RspSge (3) Cs Usat

® T 2Ly

We obtain the potential by integrating one more time from 0

R, = RscScp LV pechisc coth Se- Rsc to X¢ as follows:
2L¢ pcc

12Lc
RscS 1 We — X 1 Jo\ X2
+ =228y i 4) Verj + ¢ = — <ch - = ) = (10)
2L¢ gpncNc ScpLc €s Vsat /) 2
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] mobile charge is negligible in the extrinsic collector region. The
129 depletion thicknessX<x) in the extrinsic region and extrinsic
| base—collector capacitancg,., are modeled as

104
1 2 s % V;:

o] Koy =y 2ol ¥ V) (14)
4 ch

E
2 89 the normal HBT
5 ] - the punch-through HBT Croq = S\AC T AE) (AC _ AE) for Xcx < We
i Xex -
4 co(Ac — A
°] _ele—Ap) v s Wl (15)
5 We
4 : — — — ) Self-heating effects are also considered [16]. The Kirk current
2.0x10 doxon 6.0x10 8040 density of the GaAs-based HBT is much higher than Si bipolar
Collector current density [ A /cm’] junction transistors (BJTs) [17]-[19], and the base push out has

Fig. 3. Collector current dependency@... atVe s = 3.5 V for the normal not been observed within the bias range of our measurement.
HBT and the punch-through HBT.

Ill. EXPERIMENTAL RESULTS

Here,¢., represents the built-in potential. The junction voltage we fabricated AlGaAs/GaAs HBTs using the self-aligned
is equal to the applied base—collector bilg ] minus the resis- pase metal (SABM) process with mesa isolation. The Al-
tive voltage drop in the undepleted collector layer as follows:GaAs/GaAs HBT epi structure grown by MOCVD consists of
an i+--InGaAs cap layer, an n-GaAs layer, an n-AlGaAs emitter
Vevri = Ve — JopcWe — X¢) (11) layer, aC-doped p--GaAs base layer, an n-GaAs collector
layer, and an #-GaAs sub-collector layer. The HBTs with
wherepc is the resistivity of the undepleted collector layer. TheUnch-through collector and normal collector have the same
depletion thicknesst¢ is dependent oW and Ve and is Structures, except for their collector thicknesses. The HBT
given by (12), shown at the bottom of this page, whére= With the punch-through structure has a @#-thick collector
gv.a:Ne. This equation is applicable for the collector currerfioPed to 2x 10°¢ cm~* and the other has a 1/@m-thick
density.J smaller than/,. The charge at the intrinsic region ofcollector with the same doping. A thick gold metal layer was

the base—collector junctiaf,.; is given by deposited on the emitter to improve the electrical and thermal
performances. We also used the emitter widening process using
polyimide. A substrate was lapped to the thickness of 200
Quei = ApXc <ch - JC) (13) and an emitter is grounded with a via hole. We have built
saf several sized HBTs and Fig. 4 shows the photograph of the

fabricated power HBT, which has 32 emitter fingers with a size
Cye; IS, therefore, dependent not only on the base—collectoir2 ;m x 22 m.
voltage, but also on the collector current. The intrinsic Fig.5 showsthe measured and simulaled V¢ g character-
base—collector capacita?;.; is obtained from(dQ,.;/dV;.) istics forthe HBT with a single 2m x 22 um emitter. The max-
routine of ADS. The current-dependéry,.; at the bias voltage imum current gains of both HBTs are about 30. The breakdown
Ver = 3.5 Vis extracted from the model and is depicted ivoltage at an open bag#V...,, is 10 V for the punch-through col-
Fig. 3. TheC;..; of the punch-through HBT is constant forlector and 17 V for the normal one. Microwave performances of
the all collector current levels. Th€,.; of normal HBT is, the fabricated HBTs are shown in Fig. 6. Tfie and f,,,.x are
however, dependent on the collector current density. As tfi® and 80 GHz, respectively, & = 18 mAandVog = 2.0V
collector current increases, the depleted region thickens dondthe punch-through collector structure, and 55 and 125 GHz,
C,.; becomes smaller. At a higher current density (above 28spectively, af- = 16 mA andVog = 2.3 V for the normal
kA/cm?), the collector is fully depleted, an@,.; becomes collector structure. Fig. 7 illustrates the calculated and mea-
constant. sured HBTs-parameter characteristics. Considering the phys-

It can be assumed that the injected electrons seldom enteritta¢ model, a good agreement exists between the present model

extrinsic collector area [15]. The compensation effects by tlaad measured dc andparameter data.

-1 2 2 1 1
5 5 2 e 7 2 s
Xo = @rcde( Jo | V[ ercde) (| Je) | 2Vatdn) () Jo)  2epccWe ) Jo
gNe Jy gNe Jy gNe Jy gNe Jy
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Fig. 4. AlGaAs/GaAs HBT with 32 2 um x 22 pm emitters.
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Fig. 5. Simulated and measuréd — Vi z characteristics of a & 22 ym?
AlGaAsGaAs HBT. The base current is 0.3 mA per step. 40
5 —a—h, P
The power test results at 2 GHz for the 32-emitter finger 1 ‘\\ e MSG/MAG
HBTSs are illustrated in Fig. 8, together with the two-tone test ¥ . ~ ——U
results. The dc-bias point & = 350 mA andVegp = 3.5 V. 25 . T "
hi * =~ =
The punch-through HBT and the normal one exhibit a powe_ | U e A
gain of 16.6 and 16.9 dB, respectively, with output power of2 2 —~ ".:‘m‘
28.9 and 28.6 dBm, respectively, and power-added efficienc-(% s \.\_ ., ““m
(PAE) of 51% and 59%, respectively, at a 1-dB gain compres | -1_.1 1’%@\‘
sion point. The source and load pulls using an automatic tune 1o . '\\%
are performed to locate the matching points for maximum gait 1 "\.\ o
and output power. Input matching impedances for the punct 3 o
through device and the normal one are 5.24-j1.05 and 4.7¢ ] - -
j1.51, respectively. Output matching impedances are 6.33-j2.7 (g 1E10 1EIL
and 5.61-j7.87, respectively. Frequency [GHz]
A two-tone test is carried out at 2 GHz. Two-tone spacing (b)

is 1 MHz to reduce the thermal effects on the linearity of Al-. . .

. . . e Fig. 6. Frequency dependence [df.,|?, maximum stable gain (MSG)/
GaAs/GaAs [20]. The matching points and bias conditions fﬁlgximum available gain (MAG), and unilateral gain (U) as determined by
the two HBTSs are the same as the power test. Their IM3 disterparameter measurements. (a) HBT with punch-through collector. (b) HBT
tion behaviors are remarkably different, as seen in Fig. 8. Ath normal collector.
low input power, the HBT with the punch-through collector has
a much lower IM3 than the normal HBT. The IP3 difference is IV. ANALYTICAL STUDY
14.8 dB (39.5 versus 24.7 dBm). As the input power level in-
creases (in our case, abov8.26 dBm), the IM3 of the normal  To understand the IM3 behaviors of the two HBTs, harmonic
HBT grows at a much slower pace than the normal 3: 1 slogglance simulations were performed at 2 GHz for both structure
However, at a large input power, the slope again increases dBTs with a 32—finger emitter. The operation conditions, bias
ratio larger than 3:1, and in this region, the IM3 distortion gboints, and matching impedances were set at the same values of
the both HBTs are comparable. the measurement case. Fig. 9 shows the simulation results and
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Fig. 7. Comparison o§-parameters from the model and measurement. Th_

lines are simulated data and circles are measured data.
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Fig. 10. Simulated — V¢ g characteristics as seen by the RF signal and the
load lines with—11 and 6 dBm, respectively, of the input power.

is fully depleted and”;,; is constant for all power levels. The
IM3 follows the 3:1 gain slope reasonably well. The origin
of the different IM3 characteristics of the two HBTs %.;
since our physical models are exactly identical (exceptihe

of the charge modulated collector depletion layer). To under-
stand theC; effect, the input power-dependent RF collector
current swing is calculated using the load-line concept. Fig. 10
shows simulated~ — Vg characteristics as seen by the RF
signal and the load lines with11 and 6 dBm of input powers.
The collector current density at the bias point is 26 kAfcm
and the collector region is not fully depleted (see Fig. 3). At
a small-signal level (in our case, belewl1 dBm), the load line
sees the nonlinearity @f,.; near the bias point and the IM3 has
the normal 3: 1 gain slope, but is a much higher level than the
punch-through HBT. The load line &, = —11 dBm moves

on between 22-31 kA/chrof J. Considering the reduced RF
collector voltage at a high current level, the collector is fully
depleted at the current density of 31 kA&nTherefore, for
the input power above-11 dBm, the portion of the load line
passes through the constay.; region and the growth rate of
the IM3 starts to decrease (see Fig. 9). As the input signal in-
creases further, a larger portion of the load line passes the re-
gion with constant.; and, finally, the IM3 is reduced to that
of the punch-through HBT. Above 6 dBm of input, the load line
touches the saturation region and very strong harmonics can be
generated for both devices, and their IM3s are comparable.

V. CONCLUSION

The collector capacitance of an HBT is the dominant non-
linear element and the HBT with a punch-though collector is
reported to have improved linear characteristics. To study the
C,. effect on the linearity, we have compared the properties of

Fig. 9. Simulation results of the output power and its IM3 for the 32-fingdriBTS With @ punch-through collector and a normal collector.

HBTSs. For

comparison, the measured data are also included.

For this purpose, we developed an analytical nonlinear HBT
equivalent-circuit model. The present model includes the effect

a reasonable agreement between the measured and simulatdéke ionized charge in the depleted collector region compen-
data. Our model indicates that the IM3 of the punch-througiated by the injected mobile charge. For the normal HBT, the
HBT is generated by thg,, nonlinearity, since the collector IM can have a normal 3:1 gain slope at a small-signal range
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because the load line moves in the region near to the bias poifR] M. lwamoto, T. S. Low, C. P. Hutchinson, J. B. Scott, A. Cognata, X.
and sees the nonlinearity 6%..;. At a large-signal level, the load
line passes through some region with a const@yt formed

by the fully depleted collector, and the growth rate of IM3 iS[13] H. C. Casey, Jr. and M. B. Panidfieterostructure Lasers New York:
decreased. The punch-through HBT has a constgntduring

for all input signal levels. Therefore, the IM3 level is lower for
the punch-through collector HBT at a lower power level, but

the IM3 of both devices are comparable at a high power levef1d]

Qin, L. H. Camnitz, P. M. Asbeck, and D. C. D’'Avanzo, “Influence of
collector design on InGaP/GaAs HBT linearity,” IEEE MTT-S Int.
Microwave Symp. DigBoston, MA, Jun. 2000, pp. 757-760.

Academic, 1978.

the whole RF cycle, and its IM3 has the normal 3 1 gain slopél‘” A. A. Grinberg, M. S. Shur, R. J. Fischer, and H. Morkoc, “An investi-

gation of the effect of graded layers and tunneling on the performance of
AlGaAs/GaAs HBTs,"IEEE Trans. Electron Devicesol. ED-31, pp.
1758-1765, Dec. 1984.

W. Liu, Handbook of Ill-V Heterojunction Bipolar Transistor New
York: Wiley, 1998.

To verify our simulation results, HBTs with a punch-through1e] 3. 3. Liou, L. L. Liou, C. I. Huang, and B. Bayraktaroglu, “A

collector and normal collector were fabricated and tested. At a
low-input signal, the HBT with a punch-through collector has
much lower IM3 than does the normal HBT. The IP3 difference;; 7
is 14.8 dB (39.5 versus 24.7 dBm). The differences are reduced

as the power level increases, and aroihgs, the IM3 level of
the two HBTs are quite comparable.
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