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Abstract

The nonlinear DC and RF properties of HBTs were modeled using a customized Gummel-Poon-based
large signal model. The characterization and modeling techniques presented here were validated using
PNP InP-based HBTs, which manifest highly nonlinear features. On-wafer pulsed DC measurements were
performed on these HBTSs in order to extract various second-order effects. These pulsed measurements
indicated the presence of distributed thermal resistances and thermal capacitances. An analytical parameter
extraction procedure was then used to extract model data from measured small-signal S-parameters and
from the DC characteristics. Pulsed characteristics under different pulse widths and different substrate
temperatures were employed to complete the model extraction. Good agreement was obtained between the
modeled and measured DC, pulsed, small-signal, and large-signal microwave characteristics. The approach
developed in this work is useful for modeling of highly nonlinear HBT characteristics, and it is directly
applicable to the HBT power amplifiers often encountered in wireless communication circuits and systems.

I.  Introduction

Significant effort has been put forth to develop large-signal models for NPN HBTS, and a variety of
approaches have been used to model thermal effects [1, 2]. However, accurate modeling of the highly
nonlinear properties encountered in HBTs is still an issue. This paper addresses an approach suitable for
modeling such characteristics. The device selected for this purpose is an InP-based PNP HBT. The
presented approach is, however, more general and applicable to all HBT types. GaAs-based PNP HBTs
have been reported with record performance, making possible complementary HBT circuits for power
applications [3]. InP-based PNP devices were also employed together with NPN HBTs in order to
demonstrate the feasibility of PNP-NPN push-pull amplifiers [4]. Therefore, the development of a large-
signal model suitable for PNP HBTSs offers the possibility of validating the described modeling approach
while at the same time being of practical importance for wireless circuits and systems that often employ
such components.

The InAIASINGaAs PNP HBTs used in this study were fabricated in-house and demonstrated 26 GHz
frex @nd 0.49 mW/pm? maximum output power. The HBTs showed various second-order non-ideal
characteristics such as self-heating, the Early effect, and the Kirk effect. Drift-diffusion simulation suggests
that PNP HBTs show more pronounced second-order effects than NPN HBTSs due to the lower hole-
mobility [5]. They are therefore excellent devices to validate the reported modeling approach. Note that
individual evaluation of the non-ideal effects present in the device is essential to obtain an accurate large-
signal model.

In this study, pulsed measurements with different pulse widths and device substrate temperatures
proved to be a powerful tool for separating various non-linear effects present in the HBTs in order to
generate an accurate large-signal RF model.  First, the isothermal characteristics were modeled to
accurately evaluate the thermally independent parameters. A thermal subcircuit with two resistances and
two capacitances was then included to model the device thermal characteristics. Then, the microwave
parameters were extracted from the small-signal S-parameters under “on” and “off” conditions, and further
optimization with fixed DC parameters was performed to achieve a consistent model under various biases
and frequencies. The described approach allows extraction and modeling of various second-order effects of
the devices by combing DC, pulsed, small-signal microwave, and large-signal microwave measurements.



The pulsed characterization described in this work turns out to play a predominant role in modeling non-
linear device properties.

Il1. Pulsed Characterization and Non-linear Parameter Extraction

Pulsed measurements were performed using two synchronized pulse sources and an inductively-
coupled current probe. A single pulse with 200 ns width (period T = ) was used for each data point to
ensure that thermal effects were not accumulated during the measurements. Figure 1 shows the DC (room
temperature) and pulsed measurement results. As can be seen, the Early voltage V, can be easily extracted
from the nonzero slope of the pulsed |-V, characteristics in the active region. In addition, the reduced
current gain caused by the Kirk effect (rapid widening of the charge-neutral base region when the collector
current density Jc exceeds the critical value J,) can be distinguished from the thermal effects by examining
the pulsed results. Normally, both thermal effects and the Kirk effect result in decreased gain at high
current levels. Therefore, their individual impacts cannot be separated by examining only the DC
characteristics. The use of pulsed measurements in this work allowed separation of thermal and Kirk
effects, which permitted physical modeling of both non-linearities.

The thermal model was derived for the HBTs by measuring the device under different substrate
temperatures and pulse widths. As shown in Figure 2, transient measurements using a single long pulse
(50 ps) indicate that the collector current reduces rapidly within 1us and then slowly approaches a value
corresponding to the DC operation. Two RC time constants can be extracted by fitting these two regions of
the I, vs. t measurements to exponential decays of the form lyExp(- t/RC). By further comparing the current
gain at different substrate temperatures (30°C, 50°C, 70°C) using pulsed measurements at the same base
current, the total thermal resistance R; + R, can be extracted. This extraction assumed that the current gain
decreases linearly as the temperature increases [6]. R, can then be extracted from the difference in current
gain between short and long pulses (200 ns and 1 us) at room temperature. The performed study suggests
that a distributed thermal subcircuit including two different thermal resistances and two thermal
capacitances is appropriate for describing the device characteristics. The incorporation of such a subcircuit
in the nonlinear device model is critical for accurate reproduction of the pulsed characteristics.
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Figure 1. DC and pulsed measurement results for 5x10 zmm? PNP HBT |-V, characteristics (I,= 0.5mA/
step). V,isthe Early voltage.
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Figure 2. Pulsed measurement | transient characteristics (I,= 3.0 MA, V= 3 V) for 5x10 zmm? PNP HBT.
The data allows extraction of a distributed thermal subcircuit.
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Figure 3. Measured thermal resistances at a constant base current (I,= 3mA).



The measured thermal resistances are shown in Figure 3. Physically, R, represents the thermal
resistance from the E-B junction to the top of the substrate, and R, represents the thermal resistance
between the front and back sides of the substrate. By assuming that the device is a point heat source on the
InP substrate (thermal conductivity = 0.68 W/K-cm) and by using the actual collector area (25x30 um?) and
substrate thickness (350 pm), the thermal resistance R, was estimated to be 782.3 K/W using the analytical
formula from [7]. This calculated R, is in very good agreement with the measurement result of R, = 710
K/W a Pgss = 120 mW. Note that the measurement results indicated an increase of Ry, with power
dissipation Pgs due to the decreased thermal conductivity of InP at higher temperatures. Therefore, both
thermal resistances R; and R, were modeled as linear functions of dissipated power in the thermal
subcircuit. The thermal capacitances C; and C, can be estimated from the measured thermal time constants
R;C; and R,C, once the values of R; and R, have been obtained. The results indicated that C, (~ 0.1 puF) is
significantly larger than C; (~ 0.4 nF), which agrees with the relative sizes of the substrate (C,) and the
HBT (Cy).

I11.  Large-Signal Modeling Procedure and Verification

This section describes our large-signal modeling procedure step by step. First, smal-signa S
parameter data was used to analytically extract bias-independent parasitic resistances through an impedance
block conditioned optimization procedure [8]. Parasitic resistance values such as R,, Ry, Rex, Ry, and Ry,
extracted from high frequency S-parameters were found to be most representative of the device properties
and allowed therefore better modeling than DC extraction of these parameters. Second, the junction diode
(both B-E and C-B junctions) ideality factors and saturation current were then extracted from forward and
reverse DC Gummel plots. In addition, the Early Effect was modeled so that the saturation current and
forward current gain are both proportional to (1 - V/Vy), where V, is the Early Voltage. The Kirk effect
was then added to the model by using an empirical factor Aléxp(-Ve/BKT) multiplied with the E-B junction
saturation current |, where A and B are fitting parameters and k is Boltzmann’sconstant. The modeled |-
Ve Characteristics were compared to the pulsed characteristics to ensure the accuracy of the isothermal
model up to this step. The thermal subcircuit was then included in the model to achieve the complete
nonlinear DC model. The junction temperature difference AT arising from the power Py dissipated in the
HBT can be calculated from the voltage drop across the thermal resistances, and the current gain was
modeled as a function of this AT self-consistently. Figure 4 demonstrates good agreement between the
modeled and measured DC |-V, characteristics. Figure 5 shows the low-frequency transient
characteristics calculated from the full HBT model (including thermal capacitances but excluding RF
junction and diffusion capacitances) at I,= 3mA and V= 3V, which demonstrates very good agreement
with the measured data.

In order to complete the RF model, the parasitic inductances (Le, L, and L), junction depletion
capacitances (C,e and Cy), and parasitic pad capacitances were extracted from the “off"Steteameters
as described in the previous section. The microwave equivalent-circuit parameters under active bias
conditions were extracted from small-sigi@parameters measured in the HBT “on” state. Parameters
obtained from the device “on” state, such as the bias-dependent junction diffusion capacitances and the
base and collector transit times, were used as initial values for large-signal model optimization. Finally, the
large-signal model was completed by using optimized semi-empirical junction capacitance equations [9] in
order to improve the model fit to the measured small-si§marameters while maintaining the excellent
fit to the DC characteristics. This hybrid extraction approach employing high-frequency and DC data was
found best for modeling the HBTSs.

To verify our model under large-signal operation, the modeled and measured microwave power
performance was compared. On-wafer power characterization was performed at 10 GHz using a load-pull
system with electromechanical tuners for control of the input and output impedances. The HBT was biased
at Vo= 4.0 V andl= 12.6 mA, and/_ and /s wereoptimized for maximum power gain. The power
performance was then calculated using the large-signal model at the same bias and tuner reflection
coefficients as in the experimental measuremeéhtgire 6 shows the calculated and measured results for
P.t, Gain, and PAE. Very good agreement was obtained over a wide range of input power levels.
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Figure 4. Measured and modeled HBT DC |-V, characteristics for 5x10 tmm? PNP (1= 0.5mA/ step).
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Figure 5. Measured and modeled pulsed transient for 5x10 zm? PNP HBT (I,= 3.0 mA, Vo= 3 V).
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Figure 6. Measured and modeled results for 5x10 zm? PNP HBT power characteristics at 10 GHz

IV. Conclusion

The large-signal characteristics of InP-based PNP HBTs were measured, characterized, and modeled.
Pulsed measurements indicated that a distributed two-resistance two-capacitance thermal subcircuit
accurately reflects the self-heating of the HBT. The systematic approach developed here modeled the
HBTs with very high accuracy despite the highly nonlinear characteristics of the devices. The results
demonstrate that the presented model and extraction procedures are appropriate for accurate modeling of
the DC, and high-frequency small-signal and large-signal microwave properties of HBTs with high non-
linearity as necessary for microwave circuit design.
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