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Abstract—Low-frequency noise characteristics of NPN and PNP
InP-based heterojunction bipolar transistors (HBTs) were investi-
gated. NPN HBTs showed a lower base noise current level (3.85
10 17 A2/Hz) than PNP HBTs (3.10 10 16 A2/Hz), but higher
collector noise current level (7.16 10 16 A2/Hz) than PNP HBTs
(1.48 10 16 A2/Hz) at 10 Hz under = 1mA, = 1 V. The
NPN devices showed a weak dependence0 77 of the collector noise
current, and a dependence 1 18 of the base noise current, while
the PNP devices showed dependences1 92 and 1 54, respectively.
The dominant noise sources and relative intrinsic noise strength
were found in both NPN and PNP InP-based HBTs by comparing
the noise spectral density with and without the emitter feedback re-
sistor. Equivalent circuit models were employed and intrinsic noise
sources were extracted. The high base noise current of PNP HBTs
could be attributed to the exposed emitter periphery and higher
electron surface recombination velocity in P-type InP materials,
while the relatively high collector noise current of NPN HBTs may
be due to the noise source originating from generation-recombi-
nation process in the bulk material between the emitter and the
collector.

Index Terms—Heterojunction bipolar transistors, noise.

I. INTRODUCTION

L OW-FREQUENCY noise characteristics have been inves-
tigated for both bipolar junction transistors (BJTs) and het-

erojunction bipolar transistors (HBTs) [1]–[4]. The diffusion
process in the bulk material and the recombination process in
the base surface have been reported as sources ofnoise [1],
[2]. The traps existing in devices have also been identified as
sources of generation-recombination (G-R) noise [3]. The diffu-
sion noise due to mobility fluctuation represents a fundamental
limit to noise. On the other hand, the recombination noise
reflects the impact of material and technology used for devices
and can be related to device reliability [5].

The low-frequency noise characteristics of HBTs have
been reported for different material systems. Tuttet al. [3]
reported that the low-frequency noise of AlGaAs/GaAs power
HBTs was limited by technology rather than the fundamental
diffusion noise mechanism. D. Costaet al. [2] concluded
that fluctuations in the extrinsic-base surface recombination
velocity are the origin of the noise in small-geometry
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AlGaAs/GaAs HBTs. Kleinpenninget al. [6] investigated the
impact of parasitic resistances on the noise characteristics
in n-p-n AlGaAs/GaAs HBTs, and concluded that the noise
contributed from parasitic series resistances becomes important
at high forward current.

In InP-based HBTs, only little has been reported for the low-
frequency noise characteristics of NPN HBTs, and no reports
exist for PNP HBTs, except a recent paper published by the au-
thors [29]. Tanakaet al. [7] reported that the base noise current
spectra of InAlAs/InGaAs HBTs were found to be 20 dB lower
than those of AlGaAs/GaAs HBTs under the same bias condi-
tions. They also found that is proportional to , and
concluded that the base noise current is surface recombination
limited. Y. Takanaishiet al.[8] measured low-frequency noise in
InP/InGaAs HBTs with different periphery/area (P/A) ratios and
concluded that the main low-frequency noise is recombination
of electrons at the exposed base surface near the emitter edge.
J. Cowleset al. [9] observed a weak dependence of 0.54 for the
collector noise on the collector current in InAlAs/InGaAs NPN
HBTs. In addition, was independent of the P/A ratio and
the origin of the low-frequency noise was suggested to be from
bulk rather than recombination process in the exposed base area.
Borgarinoet al. [10] reported InP/InGaAs HBTs with a base
ideality factor of 1.02, and a noise figure-of-merit of 2
10 m . They suggested that the surface recombination from
the extrinsic base region is not the dominant base low-frequency
noise source.

Based on the above, it appears that different conclusions have
been drawn from the observed low-frequency noise character-
istics of InP-based HBTs and further studies could therefore
be useful. Due to low surface recombination velocity of InP-
based materials, one may expect that the low-frequency noise
of the InP-based HBTs is limited by the fundamental diffusion
noise mechanism. However, surface recombination is a noisy
process, it may still dominate the noise performance of the de-
vices. Moreover, the reported results of terminal noise depen-
dence on bias current may not lead to a concrete conclusion.
Deviations between the internal noise sources and measured ter-
minal noise characteristics may exist due to device parasitic re-
sistances [11]. In addition, as explained later, the external noise
observed from one terminal can be generated from different in-
ternal noise sources.

In this paper, the low-frequency noise characteristics of both
NPN and PNP InP-based HBTs were studied. Section II de-
scribes the layer structure, device characteristics and the noise
measurement setup. Section III discusses various noise models
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TABLE I
EPITAXIAL LAYER STRUCTURES OFInP-BASED NPN AND PNP HBTs

used in this study. The physical origins of noise sources and the
impact of emitter feedback resistor on the device terminal noise
are considered. Section IV presents the noise measurement re-
sults for both NPN and PNP HBTs. The internal noise sources
are calculated and the dependence of low-frequency noise on bi-
asing current is also discussed. Section V concludes this work.

II. DEVICE CHARACTERISTICS ANDMEASUREMENTSETUP

The InP/InGaAs NPN and InAlAs/InGaAs PNP HBTs in this
study were both grown on InP substrates and their layer struc-
tures are shown in Table I. Both devices have similar struc-
ture except that the NPN HBTs had an InP emitter, while the
PNP devices used InAlAs as the emitter. In addition, the PNP
HBTs had slightly thinner and lower doped base than the NPN
HBTs. The devices were both fabricated using the in-house de-
veloped self-aligned HBT process, which has a 0.2-m base
contact-to-emitter separation. Both device types demonstrated
good microwave characteristics. Their use in complementary
microwave circuits was reported in [12]. The 510 m NPN
HBTs showed GHz, and GHz at

mA, V, while the 5 10 m PNP HBTs
showed GHz, and GHz at mA,

V, which is the best InP-based PNP HBTs perfor-
mance reported to date. The NPNs selected in this study match
well the PNP HBTs in terms of technology and performance,
and provide therefore a good reference for comparison.

Fig. 1 shows the forward Gummel plots for 5 10 m
NPN and PNP HBTs. The NPN devices showed smaller base
current than the PNP devices under the same collector current
level. Assuming that recombination dominates the base current
characteristics, which is normally the case in HBTs, the NPN
devices appear to have smaller recombination current than the
PNP HBTs. The ideality factors are 1.10 and 1.34 for
and for the NPNs and the corresponding values for the
PNPs are 1.09 and 1.9. The collector current ideality factors of
both devices are similar and close to unity. The high base ide-
ality factors in particular for PNP HBTs indicate a significant

Fig. 1. Forward Gummel plots for 5� 10 �m NPN and PNP InP-based
HBTs. The ideality factors aren andn for I andI , respectively.

E–B region recombination process, which could result in higher
low-frequency base noise.

Low-frequency noise was measured on both base noise
current spectral density (collector short-circuited) and collector
noise current spectral density (base short-circuited). The
measured base and collector noise current spectral densities
are denoted as and , respectively. Batteries were
used as power supplies to minimize the noise generated from
biasing sources. Large capacitors (mF) were used to provide
AC ground and further reduce undesired noises from biasing
sources. A bias resistor (k ) was used at the input to provide
a constant base current biasing. A low-noise amplifier (LNA)
with a 60 dB voltage gain, and a high dynamic range spectrum
analyzer (HP3561A) were employed to obtain the noise data.
Load resistors ( ) were inserted between the device and
LNA to provide a low impedance path for the noise current.
The noise current was converted to noise voltage through,
and then amplified by the LNA. Small wirewound resistors
(typically 50 200 ) were used for to minimize their
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(a)

(b)

Fig. 2. Equivalent circuit models for BJTs and HBTs including three
independent noise sources: (a) Pi-model and (b) Tee-model.

thermal and noise contribution. The measurements were
performed from 10 Hz to 100 kHz. Averages of 50100
measurements were taken for lower frequency decades, and
200 300 measurements were taken for higher frequency
decades. The measured noise levels were well above the noise
floor of the system.

III. L OW-FREQUENCYNOISE MODELS

A. Analysis of Various Noise Models

Van der Zielet al. [4] proposed a low-frequency noise equiv-
alent circuit model for BJTs and HBTs, which used a Pi config-
uration. This model was applied to explain the low-frequency
noise characteristics of BJTs [1], [13]. Tuttet al. [3] proposed a
model based on the previous one, but used a Tee configuration.
Both models are shown in Fig. 2(a) and (b). The models include
three noise current sources:

1) ;
2) ;
3) .
Note that is placed in two different positions in Fig. 2(b).

The significance of each choice will be discussed later. The
noise source represents the noise originated in the base-
emitter region. In BJTs, is mainly attributed to the diffu-
sion mechanism. However, in HBTs, due to their exposed
emitter-base area and heterojunction, the recombination noise
plays an important role. is connected between the emitter

and the collector to describe the noise current flowing directly
between these two terminals. Ideally, is the noise gen-
erated from the carrier diffusion process in BJTs. The noise
due to the generation-recombination process is another possible
source contributing to in HBTs. is connected between
the base and the collector and is associated with the surface re-
combination noise mechanism. It may also be correlated
with partition noise since injected carriers either flow to the base
or to the collector [4]. The magnitude of is usually relatively
small since the B–C junction is reverse-biased under the forward
active condition. The Pi- and the Tee-model can be converted
mutually by well-known equations. Although the Tee-model is
a better physical representation than the Pi-model at high fre-
quencies [14], they are basically identical at low frequencies. By
converting van der Ziel’s model, one can obtain the Tee-model
in Fig. 2(b) with in position A. However, Tuttet al.[3] pro-
posed that may flow through part of the base resistance in
HBTs, and therefore it is more appropriate to have it connected
in position B. and can be obtained based on the
Tee-model with connected in position A (assuming is
negligible)

(1)

(2)

On the other hand, if the calculation is based on the connec-
tion of in position B, then the following equations hold:

(3)

(4)

By comparing (1) and (3), one finds, as expected that only
the -related terms are different. Moreover, the difference be-
tween the two equations may not be negligible whenand

are small and is relatively large. From (2) and (4), the
difference is more obvious, since could be similar or even
larger than . As can be seen, these two models can give dif-
ferent results, and a better physical representation of the noise
mechanism is necessary, as attempted for the devices studied in
this work. As mentioned above, the base recombination current
could be significant, and the conducting path of the recombina-
tion current is unlikely to flow completely inside the base region.
The model proposed by Tuttet al. is therefore more appropriate
to be used in this work.



HSU AND PAVLIDIS: COMPARISON OF LOW-FREQUENCY NOISE CHARACTERISTICS AND NOISE SOURCES 1977

The low-frequency noise model of BJTs and HBTs proposed
by Kleinpenning neglects and includes and thermal
noise from parasitic resistances [15]. The base and collector ter-
minal noises based on the model of [15] are also similar to (1)
to (4), if one uses and , which hold when
is connected outside the base resistance. One additional term in
his noise model equation of [15] is related to and thermal
noise from the base and emitter resistances. This model will be
used to explain some of the observed noise dependence on bi-
asing current in Section IV.

B. Impact of Emitter Feedback on Terminal Noise Current
Characteristics

The emitter feedback resistor ( ) technique was employed
to help analyzing the intrinsic noise source characteristics. As

is inserted between the emitter and ground, one can simply
rewrite the equations by replacing with ( ). The im-
pact of on terminal noise characteristics can then be inves-
tigated using (3) and (4). Assuming that the original coefficient
of each intrinsic noise source is (A/B)in any of these equa-
tions, then the coefficient becomes [(A A)/(B B)] when

is added. If A/ B A/B, the coefficient becomes larger,
while if A/ B A/B, the opposite hold. For example, the
coefficient of in (3) decreases when is inserted, since
A/B in this case is very close to one, whileA/ B equals (the
transport factor of the device), which is smaller than one. As a
result, the contribution of to reduces when is in-
serted. On the other hand, the coefficient of in (4) increases
with emitter feedback since A/ B A/B in this case. Sim-
ilarly, as a result of adding , ’s contribution to
increases, while its contribution to decreases dramati-
cally. Details of the above trends will be shown using the actual
parameters of the tested devices in Section IV.

IV. M EASUREMENTRESULTS AND DISCUSSION

A. Low-Frequency Noise Characteristics for NPN and PNP
InP HBTs

Fig. 3 shows and for both 5 10 m NPN
and PNP HBTs under the same collector current and voltage
( mA, V). The NPN device shows a signifi-
cantly higher than , while the PNP device shows a
higher than . Assuming that and are the
two dominant noise sources in these HBTs, the measured results
suggest that (NPN) is significantly higher than (NPN)
under this current level. On the other hand, (PNP) is lower
than (PNP). In addition, both (PNP) and (PNP) are
smaller than (NPN), but larger than (NPN). Note that
this conclusion is based on the assumption that
and , which allows one to make an approximate
comparison of the relative intrinsic noise levels. For detailed in-
formation of intrinsic noise sources, one needs to use actual de-
vice parameters to calculate the contribution of intrinsic noise
sources to the terminal noise characteristics.

Based on Gummel plot results, a higher base noise level is
expected from PNPs since they present significantly higher
base recombination current than the NPNs. The higher collector
noise level of NPNs than PNPs could be possibly attributed to

Fig. 3. Low-frequency base and collector noise characteristics of 5� 10�m
NPN and PNP InP-based HBTs.S (NPN)� S (NPN), whileS (PNP)
< S (PNP) under this bias condition.I = 0:0743 mA and 0.21 mA for
NPN and PNP;I = 1 mA andV = 1 V for both devices.

the G-R noise originated in the conducting path and the
bulk material of NPN devices due to traps and interface states.
In addition, a smaller exponent of the characteristic
was observed for NPNs ( ) than PNPs ( ) for
both and . Mohammadiet al. [5] reported that
for high-reliability HBTs, decreased from 1.01 to 0.7 after
high current and high temperature stress due to the increase
of G-R noise with respect to the component. Since a
wide distribution of G-R time constants can produce a
spectrum, where can be smaller than one, the observed
smaller roll-off of the NPN devices may be due to their
higher G-R noise components in the bulk material than in the
PNP devices. This explanation is consistent with the observed
high of the NPNs.

B. Analysis and Comparison of Intrinsic Noise Sources

Fig. 4(a) and (b) show , , , and
of 5 10 m NPN HBTs under both low ( mA,

mA, V) and high ( mA,
mA, V) bias conditions, where

and are measured with the emitter feedback resistor. In
Fig. 4(a), is lower than , while is signif-
icantly lower than . Based on Section IV-B, the results
indicate that and dominate the base and the collector
terminal noise characteristics, respectively. The slightly higher

than in Fig. 4(b) indicates that is relatively
large comparing to . As is inserted, the reverse isolation
from collector to base reduces and the impact of on the base
noise increases. If is large, it can impact the base terminal
noise. Compared to the results in [1] for Si BJTs, where
was found to be very close to and and was
much smaller than , the results obtained here show that both

and are important in determining the terminal noise
characteristics.

Fig. 5 shows the results of PNPs. In Fig. 5(a), is
slightly smaller than , which can be explained similar
to Fig. 4(a). On the other hand, the larger than
reflects the fact that is relatively large in PNPs. The
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(a)

(b)

Fig. 4. Base and collector noise current spectral densities for 5� 10 �m
NPN devices without and with the emitter feedback resistor: (a) at low bias
level,I = 0:5 mA, I = 0:0451 mA, V = 1 V and (b) at high bias level,
I = 10 mA, I = 0:338 mA, V = 2 V.

impact of to the collector terminal noise increases as
is inserted. If is small, for example in NPNs, one can
only see significantly reduced . The result is consistent
with our finding from the Gummel plots. In Fig. 5(b), one
can see and . The results
indicate that the increase rate of is higher than when
the bias current increases and therefore at high current levels,

becomes relatively large and show its impact on the base
terminal after is inserted.

C. Calculation of Noise Model Parameters

The device parameters needed in the noise model such as par-
asitic resistances were first extracted from-parameters under
the corresponding bias conditions [16]. The results provide in-
formation on the total base resistance but it is difficult to sepa-
rate and . In addition, the internal and external base dis-
tributed resistances corresponding to the physical HBT structure
may not represent the internal and external base resistances seen
by the noise current. Therefore, optimization was performed
under a fixed value extracted from a certain bias condition
to separate and by fitting the measured noise data. Note

(a)

(b)

Fig. 5. Base and collector noise current spectral densities for 5� 10�m PNP
devices without and with emitter feedback resistor: (a) at low bias level,I =

0:5 mA, I = 0:143 mA, V = 1 V (b) at high bias level,I = 10 mA,
I = 0:687 mA, V = 2 V.

that there is no unique solution for and , but efforts were
put to minimize the overall errors between measured and calcu-
lated terminal noise characteristics. The values ofwere also
adopted from ac extraction for consistency and therefore are dif-
ferent from the dc values.

The calculation was based on (3) and (4). From the equa-
tions, once the device parameters are obtained from-param-
eters, one can solve and using measured and

. and were also calculated from (3) and
(4) with replaced by . The final values of and

were obtained by optimizing the calculated to the measured
results for , , and simultaneously.
The use of two additional conditions can reduce the uncertainty
from the parameter extraction procedure.

Table II shows the extracted device parameters, intrinsic base
( ) and collector ( ) noise sources, and terminal noises

, , ,and . Good agreement was ob-
tained between calculated and measured results. From the ex-
tracted internal noise sources, at low current levels, the terminal
noise values, and , were found to be close to the
internal noise sources, and for both devices. In ad-
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TABLE II
MEASURED AND CALCULATED NOISE MODEL PARAMETERS OFNPN AND PNP HBTs

dition, and were also close even under high bias
levels. However, deviation between and was ob-
served under high bias level for both devices. At low current
level, the impact of base noise current on the collector terminal
is small due to is large and the forward gain is small. In ad-
dition, the impact of the collector noise current on the base ter-
minal is negligible, since the base noise current level is relatively
high and the reverse isolation between the collector and the base
is also high. Under high bias conditions, can still be rep-
resented by since the reverse isolation from the collector to
the base is still high, while only part of contribute to
since is smaller and is relatively larger. As a result,
flows more toward the base and the emitter terminals instead of
appearing at the collector node, and therefore
was observed. Note that can only be obtained by
assuming that is very large and the value of is not consid-
erably larger than . On the other hand, is only
valid when is large and is not significantly larger than

. To obtain accurate information about the intrinsic noise
sources at high bias level, one needs to use corresponding de-
vice parameters and solve (3) and (4). This was for example
done under the high bias condition shown in Table II. The re-
sults show that the noise current from measured (4.39

10 A /Hz) is only 61% of the accurate solution for the
intrinsic noise current (7.15 10 A /Hz) for NPNs. In
case of PNPs, the measured (7.87 10 A /Hz) is
only 25% of the intrinsic (3.21 10 A /Hz).

D. Dependence of Noise on Bias Currents

The low-frequency noise characteristics of BJTs and HBTs
manifest dependence on bias current due to the bias-dependent

noise origins. Theoretical and experimental results have been
reported on this subject [4], [17], [18]. From theoretical point
of view, the noise current spectral density is proportional
to if the diffusion process is the major mechanism for
noise. On the other hand, for noise originating from car-
rier G-R processes in the surface, is proportional to .
G. Blasquezet al. [19] proposed an alternative theory based
on minority carriers trapping in the bulk of BJTs. This model
leads to even if the low-frequency noise originates
from carrier trapping process. Mohammadiet al. [20] proposed
a nonfundamental noise theory, in which the noise current de-
pendence can vary significantly with the trap density and carrier
lifetime probability distribution functions.

Experimental results were also reported. Zhanget al. [21]
found that shows a dependence in HBTs, and sug-
gested that this noise is more likely due to a G-R noise
source. Tuttet al. [3] found that has a dependence close
to two on and interpreted the results as surface recombina-
tion noise. Kleinpenning [22] discussed this issue based on the
impact of parasitic resistance, for example, a
dependence observed in Si BJTs was explained by the impact
of the emitter series resistance. Takanashiet al. [8] investigated
devices with different P/A ratio and proved that the observed

is due to consists of different compo-
nents.

Table III summarizes the observed dependence of the
terminal noise characteristics and the extracted intrinsic noise
sources on the biasing current. The noise levels were obtained
at 10 Hz under various bias conditions. As can be seen,

and for NPNs were observed.
The smaller dependence than the expected can be
explained by the surface recombination current is only one
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TABLE III
DEPENDENCE OFTERMINAL AND INTRINSIC NOISE CHARACTERISTICS ON

BIASING CURRENT AT 10 Hz

component of the base current. Assuming that the ratio of the
recombination current to the total base current reduces by 42%
from low to high bias levels, the deviation from a
trend can be explained. for NPNs shows a relatively
small dependence of 0.77 on . A has been
reported by Cowleset al. [9] on InP-based HBTs and was
explained by the slower variation of with and lower
nonideal surface recombination currents in InP HBTs. How-
ever, the relatively high collector noise level in the studied NPN
HBTs implies that the noise is not limited by the fundamental
diffusion noise mechanism but more likely the G-R processes,
which has a theoretical prediction of . If one plots
the intrinsic vs. , where the impact of parasitic resistance
on the external noise level through feedback is removed, the
slope becomes 1.02. The weak dependence could be explained
by the theory proposed by G. Blasquez, which is based on
minority carriers trapping process in bulk. The model proposed
by Mohammadi could also be applied to interpret the observed
results, since a wide range of noise-current dependence is
possible based on this theory.

For PNPs, it was found that and .
This could also be attributed to the fact that surface recombina-
tion current is only part of the total base current. The dependence
of and on is closer to two in PNPs than NPNs and
may be due to the recombination current contributing a larger
portion of in PNPs. On the other hand, and

were observed. The high intrinsic noise depen-
dence on the collector current can be explained by thenoise
generated from the parasitic resistances. Based on the equations
in [15], if one neglects the contribution of , and assumes

, , can be simplified to A
B . Since the model used for intrinsic noise source extraction
did not include noise from parasitic resistances (B), one
may overestimate . Therefore, a higher collector current de-
pendence could be possible.

E. Comparison of Noise Characteristics in NPN and
PNP HBTs

Fig. 6 shows the low-frequency noise of the NPN and PNP
InP-based HBTs in this work, and also compares several re-
sults found in literature [8], [23], [24]. The results shown were
obtained from a 5-m diameter InP/InGaAs NPN HBT [8], a
21 m emitter InAlAs/InGaAs HBT [23], and a 22m emitter
self-aligned InP/InGaAs HBT [24]. As can be seen, the base
noise levels of InP/InGaAs NPN HBTs in this study are com-
parable to [24] and slightly lower than [23] under similar base
current levels. Compared to the results in [8], the noise levels
reported here seem to be high under low base current levels,
however, if one extrapolates the curve plotted from [8] up to

above 200 A, similar noise levels can be obtained. The

Fig. 6. Comparison of base noise characteristics for InP-based NPN and PNP
HBTs.S is plotted as a function ofI at 10 Hz.

NPN base current level used in this study is relatively high com-
pared to other reports for a better match to theof PNPs, since
the PNP HBTs need to be biased under higher base current for
proper device operation. In addition, the NPNs investigated had
a relative smaller gain (10 to 30) comparing to for example in
[8] ( 100 to 200) due to differences in device design. There-
fore, a higher base current level was chosen so that the noise
characteristics could be measured under bias used in circuit ap-
plications.

Compared to InP-based NPN HBTs, PNP HBTs present
in general higher base noise levels even when similar base
current levels were considered. The surface recombination
velocity has been reported to be higher in P-type than that in
N-type InP materials [25], [26]. The surface recombination
velocity in semiconductor materials can be calculated by

and , where
and are the surface recombination velocity for N and

P materials; and are the area density of the surface
recombination centers; and are unilateral mean velocities
for electron and holes; and are the electron and hole
capture cross-sections; and are doping concentrations;
and and are the electron and hole concentrations at the
surface [27]. Considering that the NPN, PNP devices had about
the same base doping level, and they were processed in the
same fashion, the , and , are expected to be
similar. Assuming equal capture cross sections for electrons and
holes leads to speculate that the surface recombination velocity
of holes in the N material is smaller than that of electrons in
the P material used for base due to smallerthan . Since
the surface recombination current () is proportional to the
surface recombination velocity (), assuming ,
a relation of can be obtained [28]. Based on
the above and provided that base surface recombination is the
major low-frequency noise mechanism, this could suggest that
the noise level of NPN device is larger than PNP HBTs, which
is contrary to our findings.

However, in addition to the recombination occurring close to
the exposed base surface, carriers injected from the base to the
emitter may also recombine at the emitter periphery/surface,
which could be another major noise source in HBTs. For the
HBTs investigated here, due to the use of a self-aligned base
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process, the exposed base area is much smaller than the ex-
posed emitter periphery area; the area ratio was calculated to
be 1/3 for 5 10 m HBTs. It is therefore reasonable to as-
sume that the surface recombination is dominated by the recom-
bination current in the emitter periphery. Considering that sur-
face recombination velocity for electrons in P-emitter of PNPs
is higher than that of holes in N-emitter of NPNs, this can lead
to a higher base recombination current and therefore higher base
low-frequency noise in PNP HBTs. The result would be consis-
tent with our findings of higher base noise levels for PNP than
NPN devices. In addition to the analysis above, the noise de-
pendence on different geometries is useful for identifying the
noise origins if noise is mainly contributed from surface related
problems. Studies along these lines have been investigated by
the authors and recently published [29]. It was found that the
device base noise shows a strong dependence on the P/A ratio.
For example, comparing the PNP devices with P/A ratios of 0.87
(3 10 m ) and 2.07 (1 30 m ), a considerably higher
base noise current was found for the devices with higher P/A
ratio, which is a proof of surface-related noise sources. In ad-
dition, it also indicates that the device noise is not limited by
the DX center in the InAlAs emitter for the PNP HBTs used in
this study. The high base noise current level of PNP HBTs may
be improved by proper passivation on the exposed emitter pe-
riphery, since the main low-frequency noise is generated from
that area.

V. CONCLUSION

The low-frequency noise characteristics of InP-based NPN
and PNP HBTs were investigated. Devices under different bias
conditions were characterized. The emitter feedback technique
was used to analyze the intrinsic noise sources and compare
their relative levels. Different noise models were discussed. In
addition, the measured terminal noise and can
be used to approximate the intrinsic noise source and
at low current levels, while deviation were observed when the
devices biased at high current levels for the collector noise. The
observed noise current dependence for base can be explained by
the base current is composed of different current components,
the low dependence for on in NPNs may be explained by
minority carriers trapping process in bulk, and the high depen-
dence for on in PNPs may be explained by the impact
of noise generated from parasitic resistances. Analysis of
the intrinsic noise sources of NPN and PNP HBTs suggests that
passivation on the exposed emitter periphery can improve the
base noise current of NPN and PNP InP-based HBTs.
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