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Abstract—Linearity characteristics of GaAs heterojunction and base-collector capacitan@@gc). There have been sev-
bipolar transistors (HBTs) are studied through measurement eral papers that have investigated the internal cancellation ef-
aréo%_analyss. T.h"g'ordgr mtermod;:latm_n dlstor_flon b(e;ha\_nor of 4 fect of nonlinear currents utilizing Volterra series. Analysis in

s is examined on devices with various epilayer designs an ) o
at various bias points, loads, and frequencies. Calculations from [4] Showed that the nonlinear currents from the resistive and re-
an analytical model reveal a strong bias and load dependence active parts of the nonlinear base-emitter junction partially can-
of third-order intercept point (IP3) on the nonlinearities from  celled. In the analyses of [5] and [6], it was shown that the total
transconductance and the voltage dependence of base-collectomonlinear currents generated by the base-emitter junéfigh
capacitance. However, a simple model is not able to predict the and the base-collector junctiddc, not includingCpc:), par-

fine details of IP3 with bias. A large-signal HBT model with A
an accurate description of the base-collector charge is shown tially cancelled. Among other effects, these works highlight the

to account for the measured trends. The base-collector charge nNonlinear currents caused by the nonlinear behavigy,ofin
function accounts for the modulation of base-collector capacitance [7], it was shown that the emitter and base resistatiigsand
with current, electron velocity modulation, and Kirk effect (base Rp) linearizeg,, through the well-known feedback effect.
pushout) for GaAs-based HBTSs. A detailed study of the influence : : . . . . .
of collector design on linearity is also presented. The oth_er major distortion source in HBTs is the nonlinearity
T _ . of Cge with voltage [3], [6]-[9]. Measurements have shown
Index Terms—Heterojunction bipolar transistors (HBTS), inter-  gjgnjficant improvements in IP3 whekb-x is biased high
mggg:atlon distortion, nonlinear distortion, semiconductor device enough to fully deplete, or punch-through, the collector [3], [6],
ing. _ : ;
[8]- These studies have suggested epilayer structures with a low
collector punch-through voltage for highly linear performance
. INTRODUCTION at low voltages. A practical linearity figure of merit (LFOM),

aAs-BASED heterojunction bipolar transistors (HBTs§iven by the ratio IP¥pc, considers both linearity and

G have recently found widespread application in radio-fré&fficiency. According to this ratio, a lowdrc ¢ with the same
quency (RF)/microwave power amplifiers. With their high-frelevel of IP3 results in a high LFOM. o _ .
quency performance and power-handling capabilities, HBTsThe linearity study for this paper begins in Section Il with
are attractive active devices for transmitters in RF/microwa{&/0-tone measurements on HBTs with variations on the emitter,
communication applications. An important requirement fdyase, and collector profiles. It is found that collector variations
such devices is to have acceptable distortion characteristicsh@ye the most effect on IP3. In Section Il the observations from
linearity. The power level of spurious frequencies generated Bigse measurements are used to formulate a simple nonlinear
intermodulation of the in-band signals is an important measi#galytical model using Volterra series. The aforementioned non-
of device linearity. Linearity characterizations of GaAs antinear current cancellation effect is also observed in this model.
InP-based HBTs have shown excellent results in adjacériibsequently in Section IV, calculations from this model are
channel power ratio (ACPR) and third-order intercept poiompared with measured results of IP3 as a function of cur-
(IP3) [1]-[3]. rent, voltage, load, and frequency. The model is able to pre-

There have been numerous studies on the intermodulati@gt the general trends from measurements and is used as a tool
distortion behavior of HBTs through both analysis and me#? explain the observed IP3 behavior. Analysis shows ghat
surement. From these works, it is evident that there are t@BdCsc nonlinearities are dominant in certain bias areas and

major distortion components in HBTs: transconductd@;’e) loads. However, this model shows a significant deficiency in
the detailed predictions of IP3 as a function of current. Moti-
vated by this fact, the current dependence of IP3 is investigated
further in Section V with measurements on HBTs with various
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e+ InGaAs Metal 2 vector corrected on-wafer power, large sigrgh, and 'y,
— Polymide (1/S52) of the two-tong f; and f,) signals. An Agilent 8565E
m Gahs - = ) spectrum analyzer was used for measuring output power of the
2'_':;;"""“ intermodulation products at the upper and lower sidebands.
InGaP or AlGaAs Bumetal One of the sources was used as the dedicated 8510C system

source to provide broadband calibration andd¢hehase-lock
Wm———i signals during the measurement. The other two sources were
locked to the 8510C system source by its 10-MHz reference

oscillator and provided thg and f> input stimulus. Load pull
was implemented by either a Maury microwave passive tuner
at lower frequencies (up to 2 GHz) or an active load at higher

' = ' ' frequencies (above 2 GHz). The details of this measurement
He++ Isolation ' f B S aane tor | Hewslsolation|  system are presented in [13] and [14].

Identical bias points and loads were chosen for all of the de-
vices in order to have a consistent comparison. Class A bias
Fig. 1. Cross-section of InGaP and AlGaAs emitter HBTS. was set attcg = 2.7V, Jo = 0.6 mA/pm? (Ic = 96

mA), andl';, of 0.647/—3.3° (Z;, = 230 — j30 ). Mea-

i - surements were taken at 2 and 5 GHz. A 1-MHz tone spacing
predlct_ the measurgd trepds [,10]' In gener.al, itis found that MQFls carefully chosen as a compromise between the need to avoid
of the intermodulation d|st_ort|on mech_amsms of HBTs can 8w—frequency dispersion [15] and the risk of having a large dif-
accounted for by the nonlinear behavior of the base—collecigfa e in the load presented at the two-tone frequencies. Har-
charge(Q pc) together with the inevitable nonlinegy, that is monic loading and source-pull were not implemented, and the
dominant in the low current regime. source impedance was 5Din all cases.

For two-tone linearity measurements, four parameters were

Il. EXPERIMENTAL TECHNIQUE measured: power gain, 1-dB compression pgiRt ) per

tone, third-order intermodulation productsBAtys (IM3; 4p)
. ] o ) measured in dBc, and output IP3. Since power gain and IP3

All devices characterized in this work are<28 m? emitter are small-signal measurements, wherdass and IM3, 4n
area GaAs-based HBTs. InGaP emitter HBTs are the primagy, |arge-signal measurements, power sweeps over a wide
focus in the study, but several AlGaAs emitter HBTs were eXange (over 20 dB) were taken for each device. Although IP3 is
amined for comparison purposes. Representatlve epilayer stigloelated from a single point measurement, care was taken to
tures for both InGaP and AlGaAs emitter HBTs were selecteghake sure it was extrapolated in the “3:1 IM3 to fundamental
and designs that have slight variations from these devices WBEver ratio” regime.
also chosen to identify the influence on linearity of epilayer pa-

rameter variations. C. Summary of Measurements with Varying Epilayer Designs
A cross section of the HBT for both the InGaP and AlGaAs . . .
) i X I . Table Il summarizes the linearity measurements of the HBTs
emitter devices is shown in Fig. 1. The AlGaAs emitter process L . . -
. . with variations on the epilayer structures. Two emitter variations
has a graded emitter, a nonalloyed InGaAs emitter con-

of the AlGaAs emitter HBT were chosen for measurements. As
tact, a nonalloyed base contacts, an alloyed collector contact, . . ) .

. ; seen in Table 11, they have lower and higher emitter dopings. The
and a depleted passivation ledge. The InGaP emitter Procgss

is almost identical to the AlGaAs emitter process except f% écts of varying the doping are apparent, where by lowering

FTT T Substrate e

A. Device Description

the substitution of an abrupt heterojunction InGaP emitter. e doping, a lower gain and higher IP3 are observed. Increasing

more detailed description of both processes is presented in | ir?eoglir;gs%lrﬁldlz fgfrﬁgybth?thgr?ﬁggrrz‘zu':r?' ’Zhilrfflzzgcbee oe:'
and [12]. It is also shown in these references that the InG b y Ping
E

emitter HBTs inherently possess high reliability at high cur6' {h};‘fégggﬁsr:dem 09, the extrinsic fransconductance,
rent densitieg./c- ~ 0.6 mA/pm?): MTTF > 5 x 10° h com- y P

pared to<8 x 10* hrs for the AlGaAs emitter process. Since _ Gm L
power amplifiers are typically biased in the high current regime, Ime = (R + R/ B)

InGaP emitter HBTs are excellent devices for this application. . . . L

In Table I, selected device parameters are summarized for g@ereﬁ IS the dc current gain a_l"g% Is the intrinsic transcon-
two representative devices. The significant differences betwe ctance given by the expression

the two devices are the material of the emitters and the base 9l qle

widths. Im = Waw | KT

)

andI¢ is the collector current. Itis related in a nonlinear fashion

. to input voltage by
All of the measurements for this study were done on a

load-pull system including three Agilent 83 650B sources and L.—1 qVBE 1
an Agilent 8510C network analyzer, which was used to measure ¢ =S\ xp nkT |

B. Measurement Approach

®3)
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TABLE |
SELECTED DEVICE PARAMETERS OF REPRESENTATIVEHBTS
We | Wg Re Rp B f (GHz)
A | A | @ | (@ | @=06mapm® | @Ic=0.6mA/jum’ & Vee=1.5V
InGaP emitter 4000 | 800 34 | 244 113 61
AlGaAs emitter 4000 | 600 6.9 32.6 102 63
TABLE I

HBT LINEARITY DATA OF VARIOUS EPILAYER DESIGNS

¢=InGaP emitter; e=AlGaAs emitter)

Gain PldB IM31dB 1P3 Gain PldB IM31dB IP3 (dBm)
Description (dB) | (dBm) | (dBc) | (dBm) || (dB) | (dBm) | (dBc)
(#) InGaP emitter 275 5.0 -23.6 20.6 21.1 5.1 -25.1 213 =] representative
(®) AlGaAs emitter 255 50 | 231 [ 221 194 ] 53 | 231 223 _] devices
(®) lower doped emitter (Rz=7.9Q) 24.9 4.8 -24.2 232 18.9 5.1 -23.7 22.8 . emitter
(®) higher doped emitter (Re=2.8Q) 273 5.0 -24.4 21.0 20.7 52 -24.2 20.5 J variations
(#) thinner base (Ws=600A) 277 | 49 -24.5 203 J 210 49 [ 256 21,3  _] base variation
(#) longer collector (Wc=80004) 28.4 1.8 -25.1 14.0 22.0 0.5 -25.1 11.8 7] collector
(#) longer collector (We=110004) [ 27.6 | 12 -24.5 132 f210] -04 | -235 10.6 variations
l Il |
f,=2GHz f,=5GHz
WhenI is increasedg,,, approaches the value 30,0 o e :
1 \\ ~\We=4000A
N —_— 4 % - We= .
Ime = (R RnB) 4) 250 1 X Wc=8000A
which is independent of current, and thereby linear. Sihder 9_3 I \
is usually larger thamRz, g, is determined predominantly g20-0 T
by Rz in the high current region. Although increasify; lin-  © i e,
earizesg.., Rg also lowers its magnitude and causes a di 15,0 Lo
crease in the power gain. ! [ i SRS S
The base variation was a reduction in the thickness. Table
shows that decreasing the base width does not result in a sig 100
|c§1nt ghangg in e|the.r IP3 or gain. This observation is consiste 00 10 20 30 40 50 60 70 80
with simulation predictions in [6]. Vee (Volts)

Finally, the collector variations are considered. The principle
variation was to increase the collector thickness with a slightfjg. 2. Measured’s versusVc £ (with Vi = 0 V) for 4000- and 8000-A
lower collector doping. It is apparent in Table Il that this ha&lector profiles.
a significant influence on IP3. The decrease in IP3 can be
tributed to the nonlinearity of’g as a function oV g [6]. A
plot of Cgc versusVeg with Vgg = 0V in Fig. 2 clearly

?rtom the weakly nonlinear behavior of conductances and ca-
pacitances and can be analytically calculated by a small-signal
shows that the 8000-A collector has a more nonlin€ag modeI.The primaryfocus ofth?s studyisto upderstand theiqter—
than the 4000-A collector at Bz of 2.7 V. Previous studies modulation distortion mechanisms of HBTs in the weak regime

have demonstrated that biasing the collector of the HBT in tlr?é( both measurements and anal_y5|s{ and_therefore IP3 s exten-
fully depleted region, or the constafiz region, results in the sively used as a measure of device linearity.
highest IP3 [3], [6], [8]. This explanation is valid at certain bias
regions, and a detailed examination in Section V will further
elaborate on the influence of collector design. In this section, a small-signal analytical model with nonlinear
Results from Table Il show that third-order intermodulatioelements is formulated as a tool to understand IP3 behavior.
distortion of HBTs in the small-signal region (characterized bSince similar methods of analysis for HBTs have been previ-
IP3) is significantly dependent on the emitter doping and cabusly presented in detail [4]-[6], only a brief description of the
lector profile. A distinction can be made between mechanisrdsrivation will be presented. From the results in the preceding
for strong and weak nonlinearities. Strong nonlinearities arisection and previous representative linearity studies of HBTs
from the consequences of a large-signal swing, which inclufg—[9] and Si bipolar junction transistors (BJTs) [16]-[18], it
saturation and cutoff of the HBT as well as interactions betweenapparent that nonlinearities frogm, and Cg-~ have a sig-
higher order intermodulation currents. Weak nonlinearities ariaéicant influence on intermodulation distortion. Therefore, el-

Il. SIMPLIFIED MODEL FORNONLINEAR ANALYSIS
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Fig. 3. HBT small-signal model with nonlinear elements: (a) standard hybritbdel and (b) model used for nonlinear analysis.

ements that are related to these parameters are modeled usifigne voltage across the internal base and collector nodes is
nonlinear analysis. defined in terms of “orders” of voltages given by

A. Derivation of the Simplified Model UBC = UBC1 tUBC2 FUBC3 F ©6)

The fundamental small-signal model is the hybrignodel Wherevpc: andupc: represent the first-ordéf; and f; fre-
shown in Fig. 3(a). The nonlinear components in the analy$lgencies) and second-orderf; and f»-f; frequencies, for ex-
are Cc, 7, Caim, and the voltage-controlled current sourc@mple) voltages, respectively, and so on. The total current from
(VCCS) g, Var. Here,r, is the nonlinear junction resistanceCsc is given by the expression
defined bys/g,, and Cy;g is the diffusion capacitance given ‘ dvpe
by g..7, wherer is the transit time. The analysis assumes a tcpe = Ce ot
common-emitter configuration, where the input and output cor-
respond to the base and collector, respectively, with the emitfisd, solving for the nonlinear current terms relevant to the third-
grounded. Although this model appears simple, it is rather d@rder intermodulation frequencies

(1)

ficult to analyze because of the shunt feedback f@pr and ‘ OBt OB

the series feedback due f0g. The analysis can be somewhat tcbe2fi—f2,2fo—f1) =C1 <v302 ot + vBC1 ot )
simplified by splitting the VCCS from the collector node to the Py

base node and from the base node to the emitter node, and it can + c2v§301$. 8)

be further simplified by combining, and the VCCS across the

base and emitter nodes, as shown in Fig. 3(b). This combinedF&is nonlinear current expression generated’ly- indicates

sistance g is equal to the valua/g,,,, wherea is the common that both the first and second derivativeggf- with respect to

base current gain. This derived model resembles the T-modebgf- are important.

the bipolar transistor. Nonlinearg,, currents can be calculated in a similar fashion.
The nonlinear elements arg i, Cyir, the VCCS, and’zc. g NONlinearities are described by the current-voltage relation-

Volterra series “method of nonlinear currents” [19] is used tghip:

calculate the nonlinear current contributions. This nonlinear ) ) 3

analysis method is appropriate for IP3 calculations since all of o R go+ q1vBE + 92VBE + 93VBE- ©)

the d|sto_rt|0n_ _com_ponents are weak nonlinearities. The voltage across the internal base and emitter nodes can be
For s_lmpllflcauon, the s_tandarq (_Bumme!—Poon moq%lxpressed in terms of “orders” of voltages given by

expression fo” g as a function of bias is used in the analysis.

More sophisticated expressions, which include the full deple- VBE = VBEL + UBE2 + UBE3 + - -. (10)

tion of the collector and the current dependence, can be found

in [20] and [21]. The capacitance equation can be approximat@t three nonlinear elements associated wjth (VCCS, gk,
by the expansion andCyg) are related to the current generatedghy given by

the general expression

C igrn, = AgmUBE (11)
Cgc = JC “ic ~ Co+ClUBc+CQU]23€ (5) )
1— VBC where A is 1 for the VCCS, 1 for rgg, andjwr for Cy;g.
Vic Solving for the nonlinear current terms pertinent to the IM3 fre-

o ) guencies yields
wherec; andc, are coefficients related to the first and secon

derivatives ofCgc with respect to voltage, respectively. Cgmiar, -1y 20—ty) = A(2gvpmvpEe + g3vae).  (12)
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Fig. 4. Comparison of calculations using the simple analytical model afdg. 5. Calculated IP3 versuScg with specific nonlinear components

an equivalent Gummel-Poon large-signal model with harmonic balantgmoved(J- = 0.6 mA/um? andR; = 260 Q.

simulations.
30

Finally, the total IM3 current through the load is calculated _ ' ow $oooea-5d
from the above current expressions [notably (8) and (12)] and =" em
the linear circuit in Fig. 3(b). The source impedance is setto 50 _ o ° .
2, and the load impedance is a user-definable parameter. Loads & v
presented to the harmonics as well as the difference frequen- }15 T . Fﬁ:fi?emem)
cies are not separately specified and are assumed to be the sam &, « *9-('1;;?3;;)
as the load at the fundamental. It is well known that varying ® R, =2600
the load presented to these frequencies is important [5], but har- 5 T E—inaz%?:mem)'
monic loading is not part of the linearity study for this particular o ; (A"a'yf's)
work. 1 2 3 4 5 6 7 8

All of the equations are implemented in and solved by Ve (Volts)

MATLAB. To verify the accuracy of this simple nonlinear an-

alytical model, simulation results were compared to harmorfitg. 6. 1P3 versusi’c»: measurements and calculations &t =

0.6

. . . . mA/pm?.
balance simulations with an equivalent Gummel-Poon large"”*

signal model using Agilent Microwave Design System (MDS). . ) ]
Fig. 4 shows that the simple analytical model is able to predi@lly lower level of IP3 is observed. As explained in [5] and

the IP3 simulation trends of the more sophisticated large-sigh@l: and also by the model, the reason for the higher IP3 levels
model. when allg,,, currents are present rather than only one is due to

the fact thay,,, currents from the two junctions partially cancel.
B. Contribution of Individual Nonlinear Sources

The analytical model can be used to examine the influence IV. INFLUENCE OFBIAS, LOAD, AND FREQUENCY

of the nonlinear elements to intermodulation distortion. Since The bias, load, and frequency dependencies of IP3 were mea-
the linear circuit is solved independently of the nonlinear cisured with the representative InGaP emitter HBTs as described
cuit, specific nonlinearities can be removed without affecting Section II. A similar study for Si BJTs has been presented by
the linear response of the circuit. As an example, a plot of IRNEarayanan [16]. The parameters of the analytical model in Sec-
versusVe illustrates the nonlinear current contributions. Fotion Il were fit to the characteristics of the measured devices.
simplification, five cases are examined: Since the mode of operation assumes a common-emitter con-

1) all nonlinearities; figuration in the forward active region, only a few parameters

2) noCpe nonlinearities; were necessary for the model. Some key parameters include the

3) no totalg,, nonlinearties; parasitic resistances;p¢ as a function of voltagef; at peak

4) no g,, nonlinearities from the base-emitter junctiorvalue, and the saturation current dendigy

(gm(IR) currents);
5) no g,, nonlinearities from the base-collector junctiorft- Influence of Bias Voltage
(gm(Ic) currents). IP3 was measured as a function of voltage with two different

Fig. 5 shows the results for the five cases. loadsRy, = 50 @ (I'y, = 0) and Ry, = 260  (I';, = 0.68).

When noCpe nonlinearities are present, a significant imThe current was set at- = 0.6 mA/upm? (I = 9.6 mA), and
provement in IP3 is observed in the lovitg region. This is the two-tone frequencies were at 5 GHz with a 1-MHz spacing.
consistent with the influence of the nonlinear voltage depemlhe measurement results are shown with calculated predictions
dence ofCg¢ in (5). When total;,,, nonlinearities are excluded, in Fig. 6.
improvements in IP3 are observed in the highetz regime. The behavior of IP3 versus voltage is strikingly different with
When only one of they,, nonlinear currents from either thedifferent loads. For 5@, the analytical model shows that dis-
base-emitter or base-collector junctions is removed, a drastrtion acrosd/-g is dominated byy,,, nonlinearities. This ex-
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Fig. 7. IP3 versus output load: measurements and calculatiohs at 0.6
mA/pum?. Fig. 8. IP3 versus frequency: measurements and calculationssat= 2.7

VandJo = 0.6 mA/pm?.

plains the flat IP3 behavior as a function of voltage in the calcu- 30

lations since nonlineay,,, currents are not strongly influenced

by Ve g. The measurements, however, only show this flat trend % . n DN

in the region ofV; between 2.5 and 5 V. Low IP3 at the highest - .f«z‘a&iir" e "

Ve can be explained by distortion due to breakdown effects, %M;‘j@f‘e‘! sesss

which is not implemented in the model. The measured decrease =15 1t . PR

in IP3 below 2.5 V is due to the nonlinearities from Kirk ef- & '}( __ (easuremen)|
fect, which are also not implemented in the model (explained f (Analysis)

. oo . . . e |V, =3V
more in detail in Section V). For 26Q, there is a significant 5 (Measurement)|
voltage dependence of IP3. The analytical model shows that ! %}Qn“:,j’;’is)
at low voltages, distortion contribution frofig is dominant 5 10 20 2'5 %0

and IP3 improves as the voltage is increased. This directly cor- ° le (1r?lA)
responds to a decrease in the nonlinearities ftgy: as the
base-collector junction is reverse biaggtl = 4000 A de-
vice in Fig. 2). The highest IP3 is measured when the collector

is “punch throughed,” which is consistent with results from [6lepletion of the collector is not modeled in thg;« equation

[8], and [9]. C's¢ nonlinearities are prominent at 260and not  of (5). The analytical model shows that the peak in IP3 is due to
at 509 because of the magnitude of the voltage swing acroggransition between thg,, andC'zc dominant regions.

Cpc. The analytical model shows that larger loads entail larger

voltage swings acrosSz and thus more nonlinear contribu-C. Influence of Frequency

Fig. 9. IP3 versud.: Measurements and calculations with, = 260 €.

tion from this capacitance. Fig. 8 shows IP3 versus frequency with 1-MHz tone spacing
at two loads (532 and 230530 €2) measured a¥cg = 2.7V
B. Influence of Load and.Jc = 0.6 mA/um?2. The variation of IP3 with frequency

The impedance presented to the output of the device wagpends significantly on the output I_oad. At smallt_er loads (50
varied to investigate its influence on IP3. The load was kepk): Poth measurements and calculations show an improvement
nearly real, i.e., minimal output reactance, so the effect of tR€ the frequency is increased. Singge nonlinearities are the
magnitude of load on IP3 could be studied. Fig. 7 shows mégpmln_ant source of d_lstortlon at thl_s Ioad_ and bias point in th_e
sured IP3 versus load fdf-  of 3and 4 V at a center frequencyanalyt'c?‘l mo_d_el, the improvement in IP3 isduetoa deprease in
of 5 GHz, spacing of 1 MHz, andc = 0.6 mA/um?. Im nqnlmeantles as the frequency is _mcrgased. The improve-

The analytical model shows that there are distinct regiofent is not solely due to the stray emitter inductance since the
whereg,, andCpc nonlinearities dominate. At smaller loads@nalytical model does notinclude this element. Wagja- non-

IP3 is determined by,,, nonlinearties and the power gain. Thidinearities are dominarfz;, = 230 — 530 €, there is very little

is also suggested by the fact that IP3 is not strongly dependent/gfiation in IP3 as the frequency is increased for both measure-
Ver in the measurements. As the load is increased, the analjents and calculations. Alth_ough IP3 stays ne_arly constant, IM3
ical model shows thap,,, nonlinearity decreases and power gaiffVel generally decreases since the power gain decreases.
increases, and results in an improvement in IP3. At higher loads, .

Ope nonlinearities dominate. This is supported by the fact th® nfluence of Bias Current

IP3 levels are different at the twid- g biases in both measure- 1P3 was measured as a function of currefitag = 2V and
ments and calculations. The analytical model shows that therz = 3 V. The two-tone frequencies were set again at 5 GHz
gradual decrease in IP3 at higher loads is due to the increaswith spacing of 1 MHz, and the load was setifg = 260 Q.
nonlinear current contribution frofiz [16]. The large differ- Fig. 9 shows measured results with calculated predictions.
ences between measurements and calculatiols gt= 4 V The analytical model shows that, nonlinearities dominate

in the higher load region are likely due to the fact that the fudlt low currents. Since,,, nonlinearites are weakly dependent on
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TABLE Il 30 7
COLLECTOR PROFILES AND SELECTED CHARACTERISTICS OF THE % ey
THREEHBTSIN SECTION V 25 - - HBT-B[™
\ —HBT-C
Ne We | BVaw | Vi Tert i at Jo 20 o %\
(cm™) (A) W) V) | mA/um? | (GHz) oy S
HBT-A | 2.7x10" | 4000 8.1 2.5 0.91 60 o5 T e e e s s
HBT-B 1.5x10 | 5000 | 10.0 1.5 0.62 56 S \ e
HBT-C 0.9x10" | 7000 | 13.6 1.5 0.42 47 10
5
Ve g in the model, this explains the similar values of IP3 at the

two V¢ g biases. It should also be noted that power gain is less 10 00 10 20 30 40 50 60 7‘0

at lower currents due to a smallgy,, which in turn influences ‘ ' ) Vg (Volts) ' ' '

IP3. As the current is increasegl, nonlinearities are decreased

due toRg and Rg, and eventually, distortion fro@pc non-  Fig. 10. Measured'sc versusVep of HBT-A, HBT-B, and HBT-C with
linearties dominates. In the measurements and calculations, the = © V-

level of IP3 is higher atcg = 3 V than atVog = 2V in the . . )
Cpe dominant region. However, it is evident that the analyticd'€akdown voltage in this manner lowefs;;, whereJ is
model is not able to accurately predict the trends in IP3 in tiigfined as the critical current density at whighpeaks. This

region. This is because the model does not account for traf@ighly corresponds to the onset of the Kirk effect condition.
time andCpsc nonlinearities due to Kirk effect. In Section V,/erit €an be analytically calculated ifitis approximated/as.o,

these additional nonlinearities will be investigated, and it wil{!® current density atwhich the carrier concentration equals the

be shown that the “dip” in IP3 roughly corresponds to the Kirdoping concentration and the electric field at the base-collector

effect condition. junction is reduced to zerd,;o is given by the expression

2es(Ven + Vii)
V. INFLUENCE OFCOLLECTOR DESIGN Jerito = Vs <qNC T w2 ~ Jerit (13)

It was shown in Section Il that the variations in the coIIecth,hereq is the electron charge, is the electron velocitys, is
profile had a significant effect on IP3. Furthermore, it wWage permitivity, andv;, is the built-in potential of the junction.
shown in Section IV that modeling the bias dependen&®t  sjnce the peaking of, is typically observed above the current

with only V¢ was not sufficient to predict IP3, especially agyhen the field at the base-collector junction reaches z&gq,
a function of current. Previous works on HBT linearity havg pe slightly higher than/,;o.

stressed the importance of optimizing the collector profile [6], Fig. 10 showsCc as a function ofVeg with Vgp = 0

[8], [9]- An extensive simulation study for Si BJTs has als¢ jjiystrating thatCe (with no collector current) becomes a
suggested optimizing the collector proflle.[1.8]. Slnce. curreRbynstant at a relatively low,,. V, is defined from measure-
modulates the collector space-charge, it is meaningful {Qonts as the voltage at whickc- becomes nearly a constant
examine the linearity characteristics as a function of collectgfinimum value. This corresponds to the condition when the
current. collector depletion layer reaches the subcollector with an ap-
propriate reverse bias voltadé,; can be analytically estimated

using the depletion and one-sided abrupt junction approxima-
Three InGaP emitter devices with significantly different coltions

lector dopingg N¢) and widthg W) were selected for charac-
terization. The epilayers ofthe HBTs (HBT-A, HBT-B, HBT-C) Vpr = ———
are identical above the base. HBT-A (identical to the “represen- 2e,
tative InGaP device” in Section 1) has a base width of 800 A, Fig. 11(a) shows IP3 as a function of current density at a fixed
while HBT-B and HBT-C have base widths of 600 A. The diffoad (R, = 260 ), frequency( f, = 5 GHz with 1 MHz tone
ferent base widths should not have a significant influence spacing), and bias voltag€q g is biased high enough to ensure
IP3, as was shown in Section Il. The layout of these devicestige collector is fully depleted (HBT-A =4V, HBT-B =5V,
slightly different from the ones studied in the previous sectiondBT-C = 5 V). The general trends are consistent for all three
where these three devices employ a single base-finger layaldvices, and show there are significant peaks and troughs in the
A separate study (which is not presented here) was done onth& behavior. However, the values of IP3 and current densities
linearity differences between a single- and a double-base cabwhich these peaks and troughs occur are dependent on the
tact layout. It was found that there were no significantly largeollector design. As Fig. 11(b) shows4,,;; corresponds to the
differences in IP3, which is consistent with observations frogurrent density at the trough that occurs after the peak in IP3.
[7]. Table 1l summarizes the collector profiles and characteri§he peak always appears at a current density slightly lower than
tics of the three devices. Jerit- Furthermore, a higher value df,;; generally results in

The differences in collector doping and thickness result ligher levels of IP3.
breakdown voltage variations. In the first-order approximation, Fig. 12(a) and (b) shows plots of IP3 as a functionVgfg
the breakdown voltage can be increased by redugdingand at 0.3 mAfm? (4.8 mA) and 0.6 mAim? (9.6 mA), respec-
increasingW. From Table 111, it is evident that improving thetively. The general improvement in IP3 for increasivigg is

A. Characterization of Collector Design Variations

= Vi (14)
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Fig.11. (a)Measured IP3 versilig and (b) measurefi versus/c. (HBT-A:  Fig. 12. Measured IP3 versi&. z at (8).Jc = 0.3 mA/gm? and (b)Jc =
Ver = 4V, HBT-B and HBT-C: Ve = 5 V). 0.6 mA/m2.

again attributed to the fact thétz~ becomes less nonlinear as 25 - 7%
the base-collector junction is reverse biased. Fig. 12(b) clea 20 4 . - ozl 1 75
shows that IP3 reaches a plateau wher: is biased beyond ; /\ DN i

Ve at Jo = 0.6 mA/um?. However, IP3 does not level off __15 | NS - /ﬁ—-"—" i1 g
at the same value of IP3 for different collector designs. Mor: g r /’ L 74\ ] N
over, at/o = 0.3 mA/pm? (in Fig. 12(a)), IP3 does not always B.10 +4-% R T 45 é
plateau whenc g is biased beyond/,;. These observations g ‘_>‘/ “’\ 1 «
suggest that there are sources of distortion other than the n — 5 ; T30
linear voltage dependence@f. The IP3 versu¥ g charac- ' —Vee=2V|l 15
teristics at/« = 0.3 mA/xm? can be explained by examining a /’ Vee=5V
plot of both IP3 and; as a function of/- of HBT-C in Fig. 13. i J5 SRS SRR VNN SN VIS EES SN SR SRS By

At Jo = 0.3 mA/um? and Ve = 5V, IP3 for this device is 0 01 02 03 04 05 06 07 08 09

at the sharp peak in the plot of IP3 versiis. As was previ- Je (mA/pm?)

ously shown, this peak and the subsequent trough are related to

the value of/..;;. SinceJ..;, is dependent ol according to Fig. 13. Measured IP3 anfl versus/c of HBT-C atVer = 2 and5 V.

(13), the position in current of the peak in IP3 should decrease

whenVcg is decreased. Fig. 13 shows the locations of the peadds/.,;; at differentV- g (denoting the onset of Kirk effect). The
and troughs of IP3 whel g is biased at 2 and 5 V. A slight figure shows that Kirk effect has little influence on the dc char-
change inVg from the 5-V bias point will significantly change acteristics [22]. The “overshoot” of IP3 observed for HBT-B in
the value in IP3 due to the sharp peak. The sudden increas€ig. 12(a) is also due to the voltage dependencé.gf. In this
IP3of 7dBinFig. 12(a) betweér-r = 4.5 and5.5Visdueto case, the peakinIP3[in Fig. 11(a)] decreases in curreVitas

this effect. It should be noted that the collector is fully depleted decreased, and “crosse&* = 0.3 mA/um? at aVg g of 2.2

in this voltage range, and therefore the nonlinearities from the

voltage dependence 6fp are at a minimum. It is then evi- The measurement results indicate Kirk effect and the full de-
dent that Kirk effect has a significant influence on the linearitgletion of the collector (quantified by..;; andV,,, respectively)
characteristics even at bias points beydfidand belowJ.;;. are important mechanisms that influence linearity characteris-
Fig. 14 shows a dc I-V plot of HBT-C. Also plotted are valuetics of HBTs. Since the characteristics of these two effects are
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determined by the collector thickness and doping, designing an
HBT with linear performance requires a careful selection of the
collector profile.

2) Electron velocity modulation for the GaAs collector ma-
terial is modeled by the parametgtc in (15) and (16)

: : _ (I +UIc/ITC)?)

B. Analysis of Collector Design qec = [L+ (VJC — Vo) /VTC + (I JITC2)7]

A standard Gummel-Poon (GP) model and an HBT model
based on [21] were extracted to compare with the observed
linearity behavior. DC andS-parameter data were acquired
using an Agilent 4142 DC source/monitor and 8510C network
analyzer both controlled by Agilent IC-CAP modeling soft-
ware, and model parameter fits were done using MDS. The
HBT model is implemented as a symbolically defined device
in MDS. The model topology resembles that of the GP model
but differs in the definitions of the junction charge functions. ¢, . = TKRK - I - {(VBc/VERK)+(Ic/IKRK)) — (18)
The charge functions model the high-frequency behavior of
the device, particularly the capacitances and delay time effectsTo expedite simulation time, the thermal subcircuit in [21]

(17)

whereV'I'C accounts for the increase in collector transit
time (7<) with an increase igc andI'TC models the
decrease in¢ asic is increased/T’C2 terminates the
contribution off/ 7’C at high currents. The model is able to
take into account the effect ef- varying with bias even
with a fixed collector depletion layer width.

3) Kirk effect is implemented by the charge function

Some salient features of the model are the following. was excluded. It is worthwhile to mention that the equations for
1) The intrinsic base-collector charge function is defined € base-collector and base-emitter charge functions are similar
the equation to the equations utilized in the DARPA/UCSD HBT model.
Harmonic balance simulations based on the two large-signal
_cJje-vic Ic MJIe models are compared with the measured IP3 vefgugsults in
@vc=—T"1170 ‘ " gee- ICRITO Fig. 11(a) for HBT-C. Fig. 15 shows this plot&t z = 5V with
(1-MJC) calculated predictions from the analytical model (fit to HBT-C)
< — %) TFC;COC Lo (15) presented in Section Ill. While the GP model and the analytical

model do not predict the strong variation of IP3 with current, the
where the first term models the bias dependence of thREBT model shows excellent agreement with measured trends.
collector depletion layer as functions of both voltage Parameters of the HBT model were varied in order to pro-
and current. The definitions faf JC, M JC, andV JC vide insight into the complex behavior of IP3 as a function of
are identical to the GP model, ad@ RIT0 is given by current. At low currents (exemplified by region A in Fig. 15),
qArNcu, [similar to the bias-independent part of (13)]distortion is dominated by the nonlinear contributions frgm
This equation is only valid below,,.. When the collector and improves as current is increased. All three models exhibit
is fully depleted, the charge function switches to this trend.

As the current is increased further, other mechanisms begin

Qpe = COMIN - | (Vi — VIO + <VJC : MJC) to dominate. The HBT model shows that the nonlinear relation-

(MJC -1) ship between base—collector chat@ss - ) and.J- controls IP3.
I IO 1/MJC For example, in region B of Fig. 15 (current densities below the

. ‘1 — < ‘ . < ) peak in IP3), the detailed values 6€ RI'T0 and gcc govern
gee- ICRITO COCMIN the behavior of IP3. Simulations show that the magnitude of

n TECO - I- (16) 6Cpc/6Jc has a strong influence on IP3in this region. From a
gee physical standpoint, in this region the charge in the collector de-

whereCCMIN represent&yc: at the collector punch- pletion region varies with both- andVg. Also, the effective

through condition. ISee http://hbt.ucsd.edu.
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electron velocity changes as a function of the electric field @lso like to thank J. Wood, J. Tra, and D. Davis at Agilent Tech-
the collector. The influence of this velocity modulation is comrologies for measurement and software support.

plex and can lead, for example, to “capacitance cancellation,”
for which it is possible foilC'g to decrease with current even
when the collector is biased beyohg, [22].
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