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Abstract - New self-alignment techniques employing 
crystallographically defined emitter contact (CDC) 
technologies have been developed to fabricate InPflnCaAs 
heterojunction bipolar transistors (HBTs). The CDC 
technologies utilize the anisotropic wet etching characteristics 
of the InP and InCaAs dummy emitter layers, grown on the 
typical HBT layer structure. The shape of the emitter contact 
is determined by the crystallographically etched profIles of 
the InP and InCaAs dummy emitter layers. The fabricated 
HBTs demonstrated excellent device performance 
characteristics, indicating the effectiveness of the new self- 
alignment technology. 

InP-based heterojunction bipolar transistor (HBT) 
technology has been rapidly progressing over the past ten 
years. The current gain cutoff frequency and maximum 
oscillation frequency have both broken the 300-GHz 
frequency barrier [l-3]. There are a number of inherent 
advantages of these devices compared with the more 
mature &As-based HBTs, such as higher operating speed, 
smaller turn-on voltage, and lower power consumption. 
These advantages lend themselves well to the development 
of integrated circuits (IC) characterized by high-speed 
performance and low power consumption. In addition, InP- 
based HBT offers material compatibility and integrability 
with lightwave optical devices such as InP-based 
photodetectors operating in the wavelength range from 1.3 
to 1.55 pm, making it an important technology for long- 
haul optical communication and signal processing [4]. 

HBT fabrication technology for IC applications has been 
developed primarily to reduce extrinsic parasitic- 
components and to scale down the device’s lateral 
dimensions. To reduce extrinsic device parasitics, the base 
contacts are made self-aligned to the emitter mesa. Using 
self-alignment techniques, the emitter and base dimensions 
can be reduced and thereby minimizing the extrinsic base 
resistance. A number of different self-alignment techniques 
have been reported. To avoid excessive undercutting and 
the resultant large separation between the base contact and 
emitter mesa in the convention self-alignment technique 
using wet etching [5], reactive ion etch (RIE) processes can 
be used, however, which usually result in RlE-induced 

damage to the etched surface and base layer [6-71. The 
approach used in this work is a self-aligned triple mesa 
process based on the wet etching techniques, which can 
provide damage-free precise self-alignment. 

In this work, new self-alignment techniques are 
investigated, which are based on two different schemes of 
CDC technology; one using an InP dummy layer and the 
other using an In&As dummy layer for fabrication of 
high-frequency InPiInGaAs HBTs. 

~~.CRYSTALLOGRAPH~CALLYDEFINED EMITTERCONTACT 
TECHNOLOGY 

Thereatler, two different schemes of self-alignment 
using anisotropical etching characteristics of the InP layer 
and the InGaAs layer are named as “InP CDC technology” 
and “InCaAs CDC technology”, respectively. The device 
layer stmchue for InP/InGaAs HBTs employing two CDC 
technologies are summarized in Table I. The dummy 
emitter layers were grown on a typical HBT layer strwture 
A self-aligned contact spacing, which was designed to be 
0.14 pm for both CDC technologies, can be adjusted 
through controlling the thickness of the dummy emitter 
layers. To obtain the designed spacing, the thickness of the 
InP dummy emitter layer was designed to be 250 nm in the 
InI CDC technology. However, the InCaAs dummy 
emitter layer’s thickness was determined to be 530 mn in 
the InCaAs CDC technology as shown Table I. Due to 
steeper sidewall angle of M&As than that of I&‘, the 
InGaAs dummy emitter layer should be thicker than the 
I&’ dummy emitter layer to meet the spacing of 0.14 pm. 
In the InGaAs CDC technology, the two top InGaAs/lnP 
layers are used to transfer an emitter contact pattern to the 
InGaAs dummy emitter layer in the photolithography 
process and the heavily-doped (2X1019 cm”) InP emitter 
layer is employed as an emitter contact layer, to obtain a 
consistent crystallographically defined emitter contact 
using high etching selectivity between the InGaAs dummy 
emitter layer and the It@ emitter layer [S]. These device 
structures were grown by chemical beam epitaxy (CBE) 
and molecular beam epitaxy (MBE) using Si and C for n- 
and p-type dopants, respectively. 
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Table I. Laver structures of InPfinCaAs HBT for (a) I&’ 
CDC tech&logy grown by CBE and (b) InCaA; CDC 
technology grown by MBE. 

(b) 
The new self-alignment technologies utilize the 

consistent crystallographic wet etching characteristics of 
I&’ and InGaAs, respectively. It is well known that 
chemical wet etching of the InP layer leads to an 
anisotropic etching profile according to the crystal 
direction [9]. But, that of InGaAs has been reported to have 
almost similar properties [lo]. The crystallographically 
etched sidewall, which is configured as a result of selective 
wet etching of the InP and In&As layers in the [01i] 
crystal direction, brings about the shape of the emitter 
contact. Therefore, the emitter fingers are placed parallel to 
the [Oli] crystal direction to obtain the shape of the 
crystallographically defined emitter contact. The 
fabrication sequence of each CDC technology is described 
schematically in Fig. 1. Two CDC technologies consist of 
four fabrication steps, including (1) wet etching of dummy 
emitter, (2) emitter metallization, (3) wet etching of 
remaining dummy emitter, and (4) emitter mesa and base 
metallization, as shown in Fig. 1. The InP and InCaAs 
layers are etched using HCI-based etchant (HCl:H3P04) 
and HxP04-based etchant (H,POa:H202:H20), respectively. 
The subsequent device fabrication steps are the same as 
those in,the previous work [ 111. Fig. 2 shows the scanning 
electron micrograph (SEM) photographs of the emitter 
contacts employing two CDC technologies, demonstrating 
that new self-alignment techniques are very effective in 
producing the consistent self-alignment of the emitter and 
base contacts. But, InGaAs CDC technology provides 
more reproducible self-alignment than InP CDC 

technology due to more precise and consistent undercut 
profile as shown in Fig. 2. 

Fig. 1. Fabrication steps of (a) InP CDC technology and 
(b) InGaAs CDC technology: (1) wet etching of dummy 
emitter, (2) emitter metallization, (3) wet etching of 
remaining dummy emitter, and (4) emitter mesa and base 
metallization (cross section of an emitter aligned parallel to 
the [O 1 i] crystal direction). 

(4 @I 
Fig. 2. SEM photographs of the emitters contacts using (a) 
InP CDC technology and (b) InGaAs CDC technology. 

In Fig. 1, the spacing (d) between the emitter mesa and 
the base contact is approximately defined as 

dgh,-, h 

tan 0, tan e, 
(2) 

where hl and hz are the thickness of the InP dummy emitter 
layer and the InF’ emitter layer and S, is the etch-revealed 
InP sidewall angle in Equation (l), corresponding to the 
InP CDC technology, while h, and h4 are the thickness of 
the InGaAs dummy emitter layer and the InP emitter layer 
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and & is the InGaAs sidewall angle in Equation (2), 
corresponding to the InCaAs CDC technology. According 
to the experimental results reported by Huang et al. [12], 
there exists an optimum spacing in the self-aligned devices 
to obtain simultaneously the best DC and RF performances. 
In the hvo CDC technology, the optimum spacing (d) can 
be easily designed only by adjusting thickness of the layers 
because the values of 6, and s, arc fixed to be 35” and 55” 
due to the crystallographical etching characteristics of 
these layers [9-lo]. 

To investigate the effects of the two CDC technologies 
on device’s performance, DC and RF measurements are 
performed. The common-emitter I,-V,,, characteristics of 
the fabricated 1x20 pm2 devices are shown in Fig. 3. The 
offset voltage was measured to be as low as 70 mV. The 
knee voltages of the devices were approximately 0.5 V up 
to a collector current density (&) of 1x10’ A/cm2 and the 
collector-emitter breakdown voltages (BY,,,) were as high 
as 8.9 V. From Gummel plots, the ideality factors for the 
collector (nc) and base (ne) currents were found to be 1.01 
and 1.28, respectively. From the upward 1,-V,, ewes at 
high collector current in Fig. 3 (a), one can infer that 
relatively high doping of the InGaAs collector layer in the 
M CDC technology causes rather poor output 
conductance properties than those of the devices using 
In&As CDC technology. 

Devices with various emitter sizes were fabricated to 
investigate the emitter size effect. The performance was 
characterized by investigating inverse current gain (l/h& 
versus the perimeter (LE) to area (S,) ratio of emitters [ 131. 
This relationship can be expressed as 

1 1 -zz -+LxL, (3) 
h F, L Jc S, 

. , 

where hFE,O is the intrinsic bulk current gain and JB, p is the 
base surface recombination current density. Fig. 4 shows 
the dependence of llhfE on perimeter to area ratio (L&/s,) 
for the fabricated InP/lnGaAs HBTs using InP CDC 
technology. From the slope of the solid line shown in Fig. 
4, JB,~ was estimated to be 0.74~10” Aipm at Jc = 4 x lo4 
Ncn?. Compared to more mature InGaPlGaAs HBT 
technology with a value of 1.8~10.~ A/pm [13], lower base 
surface recombination current density (JB, p) was obtained. 
This result indicates that the inherent low surface 
recombination velocities of InPfinGaAs materials as well 
as the damage-free CDC technology substantially suppress 
the degradation of current gain for small-size devices. 
Therefore, the new self-alignment technologies are very 
effective in preserving high current gain of the device even 
down to submicron emitter dimensions. 

Fig. 3. Common-emitterIc-YcE characteristics of 1x20 pm2 
InPiInCaAs HBTs employing (a) InP CDC technology and 
(b) InGaAs CDC technology. 
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Fig. 4. Dependence of inverse current gain (lihFE) on 
perimeter to area ratio (L&) for fabricated devices using 
InP CDC technology at a collector current density of Jc = 
4x 1 o4 A&. 

Microwave S-parameter measurements were performed 
on wafer. Fig. 5 shows the frequency dependency of the 
current gain (jh&, the maximum stable gain/maximum 
available gain (MSG/A&G), and the unilateral power gain 
(U), obtained from the fabricated HBTs with an emitter 
size of 1 x 20 &. The current gain cutoff frequency 6) 
of 94 GHz and maximum oscillation frequency VW) of 
124 GHz in the device employing the InP CDC technology 
were estimated by extrapolating the measured 1h2,/2 and U 
with a 20 dB/decade falloff slope in Fig 5 (a). From the 
results of small-signal parameter extraction and 
optimization based on T-equivalent-circuit model, the 
extracted base-collector capacitance (Ccc) is estimated to 
be 40 fF. Rather large Ccc is attributed to the base mesa 
process that is not optimized for high-speed operation, 
resulting in a considerable extrinsic parasitic-component. 
Also, the peaks offr and&- were obtained at a collector 
current density of Jc = 2.5 x lo5 A/cm2. These results 
indicate that the frequency peak values were shifted to 
higher collector current density due to relatively high n- 
type doping in the collector layer. In the case of the 
InCaAs CDC technology, the maximumfr and& were 88 
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and 3 12 GHz, respectively. The peaks offr and&, were 
measured at lower collector current density (Jc = 8X lo4 
.41cmz) because of lower collector doping level. High 
frequency performances off- > 300 GHz were observed 
due to the very low product of reduced RB and C,,, 
resulting from the In&As CDC technology. 

40 

35 

Frequency (GHz) 

10 100 
Frequenee @Hz) 

@I 
Fig. 5. Dependence of Ihl,v, MSG/MAG, and (i on the 
fabricated HBTs with a 1x20 pm* emitter size: (a) 1nP 
CDC technology and (b) InCaAs CDC technology. 

IV. CoNCLUsloN 

New self-alignment technologies employing the two 
CDC technologies are successfully developed for high- 
speed lnP/InGaAs HElTs. The two CDC technologies 
utilize the anisotropic wet etching characteristics of IoP 
and In&As, respectively. The fabricated InPiInCaAs 
Hl3Ts with a 1 x 20 pm’ emitter area exhibited frequency 
perfomxmces offr = 94 GHz and& = 124 GHz in the InP 
CDC technology andfr = 88 GHz and/& = 312 GHz in 
the InCaAs CDC technology, respectively. The good 
overall perfomxmce of the fabricated HBTs demonstrates 
the effectiveness of the new CDC technologies, 
characterized by reproducible self-alignment of the emitter 
and base contacts with the damage-free etched surface. 

Newly developed CDC technology is promising for 
fabricating the sub-micron dimension lnP/InGaAs HBT 
and obtaining high-speed performance characteristics for 
IC applications. 
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