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Abstract 

The performance of InPDnGaAs heterojunction bipolar transistors (HBT’s), fabricated using a 
new crystallographically defined emitter contact technology, is investigated. In this technology, a 
new self-alignment process has been developed based on the crystallographic wet etching 
characteristics of an InP dummy emitter layer according to the crystal orientations. The shape of the 
emitter electrode, which is determined by the crystallographically etched sidewall of the InP 
dummy emitter layer, is used for obtaining the desired contact spacing between the emitter mesa 
and the base electrode. The fabricated HBT’s show good overall device performance at high 
frequencies with a current gain cutoff frequency fT of 94 GHz and a maximum oscillation frequency 
fmar of 124 GHz. The microwave power performance of the device was also measured and 
characterized. 

I. Introduction 

InP-based HBT’s are attractive for high-speed 
and low-power operation due to inherent 
advantages of their material systems. These 
advantages result from excellent electron transport 
characteristics of their materials, such as the high 
electron mobility, the high peak electron drift 
velocity, and the small band-gap energy of InGaAs. 
The small surface recombination velocities both in 
InP and InGaAs are also advantageous for 
fabricating sub-micron emitter devices for high- 
speedhigh-density IC’s without a serious 
degradation in the current gain [l]. In addition, 
InP-based HBT’s are very attractive for 
applications to optoelectronic integrated circuits 
due to their capability for the monolithic 
integration with long-wavelength optical devices 
[2]. Excellent high-frequency characteristics of 
InP-based HBT’s have been reported with cutoff 
frequencies greater than 200 GHz [3-51. 

Recently, various self-alignment technologies 
have been reported to reduce the parasitic 
resistance and capacitance of the HBT using 
processing techniques, such as wet chemical 
etching using an emitter electrode mask in the 
conventional HBT process, a thick Si02 sidewall 
formation around the emitter electrode [6], 

overhang caused by the undercut of the sidewall 
[7], and T-shaped emitter electrode [8]. However, 
previously reported processing methods rely on 
inconsistent wet etching or reactive ion etching, 
resulting in problems such as excessive etching at 
the emitter mesa or plasma damage of the etched 
surface. 

In this paper, a new self-alignment technique is 
reported crystallographically defined emitter 
contact technology for InP/InGaAs HBT’s. Its 
fabrication sequence and the device structure are 
described in Section 11. The measurement results of 
the fabricated devices, including DC and small- 
signal characteristics as well as microwave power 
performance, are discussed in Sections I11 and IV. 

11. Device Structure and Fabrication 

The epitaxial layer structure of the fabricated 
InPflnGaAs HBT’s is summarized in Table I. The 
InP dummy emitter layer, which is used for the 
crystallographically defined shape of the emitter 
electrode, was grown on top of the conventional 
InPflnGaAs HBT structure. The thickness of InP 
dummy emitter layer, which decides the self- 
aligned contact spacing in this epitaxial layer 
structure, was designed to be 250 nm along with 
the 150 nm-thick InP emitter layer. 
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TABLE I 
Epitaxial layer structure of the fabricated HBT 

Thickness Layer Material Fnf cm'3 (nm) 
Dummy InP undoped 250 
Emitter InGaAs n+ = 1 x 1019 100 

Inp n* = 4.2 x loi9 50 

InP n = 3 x 10" 100 

Spacer InGaAs undoped 5 

Base InGaAs p+ = 4 x loi9 55 

Collector InGaAs n' = 4 x 10l6 600 
Etch-stop InP ' n- = 4 x loi6 10 

Subcollector InGaAs n+ = 1 x loi9 500 

Buffer InP undoped 
Substrate InP S.I. 

The new self-alignment technology utilizes the 
consistent crystallographic etching characteristics 
of the InP dummy emitter layer [9]. The fabrication 
sequence of the crystallographically defined - 
emitter contact technology is described in Fig. 1. 
First, the emitter fingers must be placed parallel to 
the [ o i i ]  crystal direction (primary flat) to 
obtain the crystallographically defined emitter 
electrode. The fabrication process starts with the 
deposition of Ti metal, which is used as an etching 
mask at the wet etching of the InP dummy emitter 
layer. After the lithography of the emitter pattern, 
Ti metal is etched and then the InP dummy emitter 
layer is etched with HC1 : H3P04. The planes with 
the smooth angle (8) of about 37" are formed due 
to the crystallographic etching characteristics in the 
InP dummy emitter layer [Fig. l(a)]. Emitter 
metals of Ti/Pt/Au are then evaporated on the 
InGaAs emitter cap layer. As seen in Fig. l(b), the 
shape of the emitter electrode is determined by the 
crystallographically etched sidewall of the InP 
dummy emitter layer. The remained InP dummy 
emitter layer is removed by an HC1 : H3P04 
mixture with a high etch-rate [Fig. l(b)]. Then, 
emitter mesa etching for InGaAs and InP layers is 
carried out successively using H3PO4 : Hz02 : H20 
and HC1 : without over-etching. Next, a 
self-aligned base contact (Ti/Pt/Au) is evaporated 
without the E/B short due to the 
crystallographically defined emitter electrode [Fig. 
l(c)]. Subsequent processing steps are the same as 
those in the conventional process. The fabrication 
sequence of new self-aligned HBT's was reported 
previously [lo]. 

The new self-alignment technology makes it 
possible to self-align E/B electrodes without any 
over-etching of emitter layer due to the consistent 
crystallographically defined shape of emitter 
electrode. The new self-alignment technology is 

.::.pp;; :;F;? . .  
Ti 
InP dummy 
InGaAs 

(a) 

Crystallographically 
defined emitter metal 

(b) 

(C) 

Fig. 1. A brief fabrication sequence of the new 
crystallographically defined emitter contact 
technology; (a) wet-etching of dummy emitter, (b) 
emitter metallization & wet-etching of remained 
dummy emitter, and (c) emitter mesa etching & 
base metallization. 

also found to be very effective in producing 
reproducible alignment of the E/B electrodes, 
which is usually possible only with damage- 
inducing dry etching techniques. In addition, the 
crystallographically defined emitter contact 
technology is expected to be useful for fabricating 
sub-micron emitter devices by controlling the foot 
dimension of the emitter electrode through only 
adjusting the thickness of the InP dummy emitter 
layer. 

111. DC and Small-Signal Characteristics 

The common-emitter 1 c - v ~ ~  characteristics of the 
fabricated 1 X 20 pmz emitter device are shown in 
Fig. 2. The measured offset voltage was 64 mV and 
collector-emitter breakdown voltage SVcEo was as 
high as 5.8 V at IB = 0. The device had a dc small- 
signal gain hf, > 50. From Gummel plots, the 
ideality factors for the base (nB) and collector (nc) 
currents were found to be 1.28 and 1.01, 
respectively. 

The microwave characteristics were measured 
on wafer by using an HP8720C network analyzer 
from 0.5 GHz to 20 GHz. Both current gain hZl and 
unilateral power gain U were calculated from the 
measured S-parameters and extrapolated at -20 
dB/decade to find fT and fmm, respectively. As 
shown in Fig. 3, the maximum f~ and fmar were 
measured to be 94 and 124 GHz, respectively, at IC 
= 53 mA and VCE = 2.0 V. The dependence of fT 
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Fig, 2. Common-emitter Ic-VCE characteristics for 

and fmar with respect to the collector current density 
at VcE = 2.0 Vis shown in Fig. 4. The peak fT and 
fmar were obtained at a collector current density Jc 
of 2.5X105 A/cm2. Due to relatively high n-type 
doping in the InGaAs pre-collector layer, the peak 
values  off^ and fmar were obtained at a rather high 
collector-current density. 
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Fig. 3. Dependence of Jh21I2 and U on frequency of the 
fabricated HBT with a 1 X20 pm2 emitter area at 
IC = 53 mA and VCE = 2.0 V. 

From the measured S-parameters, the small- 
signal parameter values were extracted and 
optimized based on an HBT equivalent-circuit 
model [ll]. The pad capacitances were extracted 
from S-parameters of HBT's under cutoff 
operation [12]. All the parameters were extracted 
and optimized from the deembedded 2-parameters. 
The extracted primary parameter values are listed 
in Table 11. The sum of the base and collector 
transit times is 0.72 ps, and the extracted collector- 
base depletion capacitance is 40.2 fF. The R&c 
time delay of 0.244 ps, which determines the fmar 
of the device, could be further reduced by 
optimizing the base-collector design and collector 
doping density. 
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Fig. 4. Dependence of peak f T  and fmpr on the collector 
current density of the fabricated HBT with an 
emitter area of1 x 20 pm2. 

TABLE 11 
Extracted small-signal element values of the fabricated 

HBT with a 1 X 20 pm2 emitter size, biased at V,, = 2.0 V 
ind  IC = 53 mA 

(a) (a) (a) (0) W) (tli9 (PSI 

& &$ & &$E h c  CBE CBC a0 TB+Tc 

2.0 6.08 1.3 0.5 2.7 50 40.2 0.989 0.72 

IV. Microwave Power Performance 

f i e  power characteristics of the fabricated 
HBT's were measured on wafer using a source- 
and load-pull power measurement system at 1.8 
GHz after the substrate was thinned down to 100 
pm and back-side electro-plated. The loading 
conditions at both input and output of the transistor 
were adjusted for maximum output power. The 
input-output and gain curves are shown in Fig. 5. 

Fig. 5. Power characteristics of the fabricated HBT 
with a 1 X 20 pm2 emitter size, measured at 
1.8 GHz (IC = 10 mA, V ~ E  = 2.0 v). 

The fabricated HBT with a 1 X 20 pm2 emitter 
size produced a maximum output power of 12.0 
dBm at a bias point of IC = IO mA and V,, = 2.0 V, 
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which corresponds to an output power density of 
0.796 mW/pm2. Since the peak current-drive 
capability of the device is as high as 3 X lo5 A/cm2, 
the higher output power of the device could be 
obtained by measuring under more optimized bias 
conditions. The peak gain and 1 dB compression 
point Po-ldB of the device were measured to be 20.8 
dB and 11.5 dBm, respectively, at the same bias 
condition. Further measurements are currently in 
progress at higher frequencies of 10-18 GHz. 

V. Conclusion 

A new self-alignment technology for 
InP/InGaAs HBT’s is successfully developed using 
the crystallographically defined emitter electrode. 
The maximum cutoff frequencies of fT = 94 GHz 
and fmar = 124 GHz were obtained from the 
fabricated HBT with a 1 X 20 pm2 emitter area. The 
microwave power performance of the device was 
also measured and the peak gain and P o - ~ ~ B  were 
20.8 dB and 11.5 dBm, respectively. The good 
overall performance of the fabricated HBT’s 
demonstrates the effectiveness of the new self- 
alignment technology, characterized by 
reproducible self-alignment of the Eh3 electrodes 
without any over-etching or dry etching damage at 
the emitter mesa. This technology is also believed 
to be very effective in fabricating future sub- 
micron emitter-size HBT’s. 
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