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Abstract- An ultra-low-power, long-wavelength photo- 
receiver based on InGaAsanP heterojunction bipolar 
transistors is reported. The photoreceivers were designed for 
massively parallel applications where low-power density is 
necessary for both electrical and thermal reasons. We 
demonstrate two-dimensional, four-by-four arrays of 
photoreceivers for free-space optical data links that interface 
directly with 3.3 V CMOS ASICs and dissipate less than 
12 mW/channel; lower power is possible. Propagation 
delays of -1 nsec were measured and large signal operation 
to 800 Mbitslsec is demonstrated. The array is on a 500 
pm pitch and can be easily scaled to much higher density. 
The photoreceivers can be utilized in both free-space and 
guided-wave applications. 

I. Introduction 

Increased data throughput is needed to realize speed 
improvements in massively parallel computers, in ATM 
switching systems, and in huge data processing systems 
such as real-time image correlators. In these applications, 
optical data links offer a means to achieve high-bit rates on 
hundreds or even thousands of channels yielding terabit 
aggregate bit rates. In addition to higher bit rates, an 
optical backplane in a massively parallel computer provides 
improved clock synchronization due to an extremely low 
level of latency that can be achieved with high-speed optical 
data links. The low latency also permits real-time 
processing in multi-chip module (MCM) applications 
where huge volumes of data are transferred sequential 
through MCM levels. The performance of ATM switching 
systems benefit from lower propagation delays as well. 

MCM technology is being utilized to implement 
greater functionality and processing capability; however, 
MCM interconnect technology is lagging behind. Standard 
edge connector technology is limited in pin-count and 
bandwidth. Furthermore, terminated 50 SZ transmission 
line interconnects dissipate significant power requiring 
additional cooling capacity. To fully exploit MCM 
technology a new interconnect technology is needed. An 
optical data link system is a promising candidate for MCM 
applications. 

Free-space interconnects overcome these .problems in 
vertically stacked MCM applications. Greater flexibility 
and pin-count is realized because free-space interconnects 
can be placed virtually anywhere on the MCM in the form 
of two-dimensional arrays of interconnects and are not 
limited to placement on the perimeter. This approach 
should yield higher density as well as a greater number of 

channels. However, to realize 
or thousands of channels, the power dissipation of the 
photoreceiver must be reduced. 

In this paper we report the design, fabrication and 
characterization of a two-dimensional amy of 
photoreceivers for high-density, fiee-space optical 
interconnects. The photoreceivers are based on InGaAs/InP 
heterojunction bipolar transistors (HBTs) for high-speed and 
p-i-n detectors for high-sensitivity and wide optical 
bandwidth. The photoreceivers interface directly with 3.3 V 
CMOS and exhibit ultra-low-power dissipation. 

II. System Requirements 

The application for the photoreceivers developed in this 
work is free-space optical data links between vertically 
stacked multi-chip modules. The link utilizes two- 
dimensional arrays of vertical cavity surface emitting laser 
(VCSEL) as the emitters.[l] Because VCSELs are surface 
emitters, individually addressable, two-dimensional emitter 
arrays are easily fabricated.[2] High-density was a design 
goal with channel spacing of 500 pm pitch. This tight 
pitch is possible with VCSEL emitters due to the low level 
of beam divergence. Further beam collimation is realized 
with dihct ive lenses on the VCSELs.[3] Although the 
design goal was 500 pm, the technology must be scalable 
to less than 250 pm pitch. 

The initial design goal is to realize a two-dimensional, 
four-by-four array of optical data links. The technology is, 
however, required to be scalable to hundreds or even 
thousands of channels. This will be accomplished with 
individual chips having larger anays with more channels 
and by combining chipsets. A necessary condition for such 
high-density of optical data links is that the emitters and 
receivers exhibit extremely low-power dissipation for both 
electrical and thermal reasons. The overall design goal was 
to achieve low power density (-8 W/cm2) for the complete 
optical data link including both emitter and receiver. With 
a 500 pm pitch this translates to 20 mW/channel. An 
optimization study was performed to determine how the 
power budget would be split between photoreceiver and 
emitter. The conclusion is that the power budget would be 
split equally between the receiver and emitter [4]. 

Although the free-space, optical data links are designed 
for general MCM applications, long-wavelength, free-space 
links are desirable for MCM applications. This is because 
silicon is a common MCM module-substrate and silicon is 
transparent to far-infixed. However, at this time long- 
wavelength VCSELs are not available, but high-efficiency 



980 nm VCSELs are realized.[5] To realize functionality 
with existing VCSEL technology and to permit 
compatibility with future long-wavelength VCSELs, the 
photoreceivers are designed to operate from 980 nm (where 
current VCSELs operate) to >1.3 pm where silicon is 
transparent. 

An additional requirement for this data link is that it 
interface directly with 3.3 V CMOS devices/ASICs without 
a separate buffer or line driver. The highly-parallel 
architecture with direct CMOS interfacing that was 
developed in this work minimizes both power and latency. 
Power consumption is reduced as compared to a multiplexed 
high bitrate link approach because multiplexing and 
demultiplexing operations are not needed in a highly 
parallel link. This also minimizes valuable MCM area that 
is required for the interconnect circuitry. Elimination of 
MUXldeMUX operations minimizes latency as well. 

Low latency is a major design goal of this work where 
propagation delays less than 1.5 nsec through the 
photoreceiver are specified. The delays are defined as the 
time lapses relative to the optical beam turn oxdoff and 
when the output voltage level triggers a change in a CMOS 
logic. For a high-to-low transition, 1.4 V was the defined 
trigger level and 1.55 V corresponded to a low-to-high 
trigger level. The bitrate is limited by the CMOS circuitry 
which is 100 Mbits/sec in this application. Although the 
bit rate is only moderately high, the photoreceiver 
bandwidth must be high to achieve the fast rise and fall 
times specified for this system. 

In any system, the number of power supplies needed is 
very important for reasons of cost, size and isolation. The 
photoreceiver designed in this work is designed to operate 
with a single 3.3 V power supply that powers the 3.3 V 
CMOS ASICs in the MCM application. 

III. HBT and Circuit Design 

Designing a photoreceiver to interface directly with 3.3 
V CMOS required choosing a high-speed device technology 
with high-drive capability. Furthermore, large signal 
operation is required to achieve -2 V swings in output 
voltage to drive the CMOS gate which is chmcterized by a 
4 pF input load. HBTs are well suited for high-current, 
large-signal operation at high-speed. For ease in system 
insertion a single 3.3 V power supply powers the 
photoreceiver circuit. 

To realize the required wide optical bandwidth the 
InGaAsfinP material system was chosen. Lattice matched 
InGaAs to InP exhibits absorption lengths of -1.4 pm, 
-1.0 pm and 0.4 pm at incident light wavelengths of 1.55 
pm, 1.3 pm and 980 nm respectively. To realize high- 
responsivity over this large optical bandwidth with high- 
speed response, p-i-n detectors were chosen for the design. 

Monolithic photoreceivers were determined to be 
necessary to realize scalability to larger arrays with up to 
hundreds of channels per chip. This is because parasitics 
associated with interconnect metals on an array of detectors 
and on an associated array of preamplifiers combined with 
chip-interconnect parasitics would limit the bandwidth 
below that required to achieve the fast rise and fall times 
specified in this application. Furthermore, a hybrid 
approach would essentially double the MCM chip area 
required for the interconnect because in photoreceivers with 

spacing as small as 250 pm pitch, little -of the area per 
channel is detector area while most is used fo*eamplifier. 
Therefore, the detector chip size is fixed by tl?Ghannel 
spacing and count while the hybrid preamplifier chip is 
comparable in size. 

' Monolithic photoreceivers based on JhGaAsfinP HBT 
amplifiers and InGaAs p-i-n detectors were fabricated. The 
detectors can be fabricated "for free"' during the HBT 
fabrication if the base-collector junction is used as the pi-n 
detector. This has been demonstrated in both GaAs/AlGaAs 
and InGaAshP photoreceiver technologies.[6,7] Designing 
the material stack when this fabrication scheme is utilized 
requires a compromise between high-detector responsivity 
and high-speed HBT operation. When the base-collector 
junction is used as the p-i-n detector, the collector should be 
made thick to increase the responsivity. However, a thick 
collector increases the transit time and lowers both fT and 
f,,, therefore, a compromise is required. Furthermore, the 
circuit design and the material stack design are 
interdependent in that the circuit design limits the reverse 
bias across the p-i-n detector, consequently, the intrinsic 
layer must be sufficiently thin that it is fully depleted with 
the bias realized in the circuit design. The material stack 
designed for this application is shown in Figure 1. 

The actual absorption layer in the p-i-n detector is 
-0.84 pm which includes both heavily-doped base and sub- 
collector regions. These layers are included because they are 
sufficiently thin that minority carriers generated in the 
regions diffuse readily to the high-field depleted region and 
contribute to the photocurrent. The heavily-doped InGaAs 
subcollector layer is inserted in the structure to lower the 
conduction band spike at the heavily-doped InP subcollector 
layer which improves electron collection efficiency. To 
further improve responsivity, backside illumination is used 
with a metal mirror on the frontside to provide double pass 
absorption in the intrinsic layer. This design yields high- 
responsivity from 980 nm to over 1.3 pm. 

The p-i-n bandwidth is extended as well by the wide- 
bandgap InP subcollector which prevents carrier 
photogeneration in the InP subcollector layer. The material 
stack design was designed with thin layers where low- or 
zero-field InGaAs absorption regions are found. These 
layers are specifically the base and InGaAs subcollector, 
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Figure 1. InGaAshP material stack for mono- 
lithic photoreceiver based on HBT preamplifiers 
and InGaAs p-i-n detectors formed by the base- 
collector junction. The Npn-HBTs and the p-i-n 
detectors are fabricated simultaneously with a self- 
aligned HBT process. 
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Figure 2. Circuit design for low-power photo- 
receivers based on HBT preamplifiers and pi-n 
detectors. 

where the collection of photogenerated carriers occurs when 
the minority carriers diffuse in to the high-field depletion 
region. For thick layers this process can take a few 
nanoseconds which would lower the bandwidth of the 
photoreceiver. The base can be made thicker because 
electrons which diffuse from the base to collector region 
have a higher diffusivity than holes that are collected'from 
the InGaAs subcollector. The diffusion time is estimated to 
be a few picoseconds which is negligible for this 
application. 

SPICE was utilized for circuit design. Many circuit 
topologies were considered with the optimum design shown 
in Figure 2.[4] The design utilizes three HBTs operating in 
a switching mode. Note that clamping diodes to limit 
junction charge under saturation conditions are not required. 
This design utilizes a combination of HBTs, Qch and Ode,,, 
to charge and discharge the CMOS input load with 
simulated maximum currents found to be -5OmA for less 
than 10 psecs. Extensive simulation was performed to 
optimize circuit components to yield the lowest power 
dissipation while realizing the speed specifications. The 
optimum simulated circuit dissipated only -8 mW of 
average power driving a 4 pF load.[4] 

IV. Circuit Fabrication 

The optoelectronic inte-gated circuit technology for 
fabricating the low-power photoreceivers utilized self- 
aligned transistor technology, thin-film resistor technology, 
and multi-level interconnect technology. Self-aligned HBTs 
with both 2.6 x 5.2 pm' and 2.6 x 10.4 pm' are utilized in 
the circuit fabrication. The low photocurrent to the base of 
(& and the limited current through Rdch permitted use of a 
smaller transistor for the switch transistor a. However, 
the larger currents required to charge and discharge the 
CMOS input capacitance required larger transistor at 
positions Qch and Qdch. Note that a pn-junction diode is 
included to reverse bias the base-emitter junction of Q h  
when the output is pulled low by Qdck This limits the 
maximum current through Q d c h  due to variation in turn-on 
that may occur in Qch and Qdch. Shown in Figure 3 is a 2.6 
x 10.4 pm2 self-aligned HBT. 

The HBT is fabricated with a combination dry-wet etch 
process. First a titanium-platinum-gold (Ti:Pt:Au) non- 
alloyed emitter ohmic contact metal is deposited by 
electron-beam deposition. The metal serves as the mask to 
define the emitter mesa during the reactive ion-beam etch 

Figure 3. 2.6 x 10.4 pm2 InGaAs/InP self- 
aligned heterojunction bipolar transistor (HFlT) for 
ultra-low power photoreceivers. 

using a methane-based plasma. A highly anisotropic 
process that leaves essentially vertical sidewalls has been 
developed. Then the InGaAs contact layer is undercut with 
a phosphoric acid:hydrogen peroxide:de-ionized water 
(5:1:50) selective etch. To minimize the effect of 
crystallographic etch dependency, the devices are oriented at 
45" to the major cleave planes.[8] To expose the base layer 
a phosphoric acid hydrochloric acid etch (41) is used to 
selectively remove the InP emitter material. This etch 
process undercuts the emitter metal to realize appropriate 
undercut for self-aligned base ohmic contact deposition. 

A non-alloyed Ti:Pt:Au contact is utilized for the base 
contact. The lowest resistance contacts are realized by 
including a quick dip in the selective InGaAs etch to 
remove'an estimated 5 nm of material prior to metal 
deposition. This etch removes any remaining undoped 
setback layer and exposes a pristine surface on which the 
contact is formed. The base mesa is defined by standard 
positive-tone photolithography and etched with the 
methane-based plasma etch used for the emitter etch. The 
InP subcollector layer is exposed with the selective InGaAs 
etch. 

The collector mesa is defined by standard 
photolithography after a Ti:Pt:Au nonalloyed collector 
ohmic contact is defined by standard lift-off 
photolithography. An all wet etch (4 parts phosphoric 
acid1 part hydrochloric acid) is used to define a sloped 
sidewall mesa. The sloped walls facilitate interconnect to 
the collector contact as shown in Figure 3. A 0.5 pm first 
metal Au interconnect metal is used in the photoreceiver 
fabrication process. 

Prior to first metal deposition, thin-film resistors are 
patterned. Both NiCr and tantalum nitride thin-film 
resistors have been developed. The NiCr is deposited by 
electron beam deposition and patterned by standard 
photolithographic liftoff. The tantalum nitride thin-film is 
reactively sputtered in an MRC dc-sputtering system. A 
process was developed for protecting the active device 
during conformal thin-film deposition and dry-etch 
patterning.[9] Six micron line widths were used in this 
OEIC; however, finer line patterning is possible. An ion- 
beam sputter clean process for ohmic contact formation to 
the resistors was developed to yield specific contact 
resistivities to the tantalum nitride film of less than 1 x 
10" sZ-cm2.[9] 

The highly non-planar HBT-based OEIC was planarized 
with benzocyclobutene (BCB). This polymer exhibits 
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Figure 4. a) Ultra-low-power dissipation optoelectronic photoreceiver circuit utilizing InGaAsAnP HBT transistor 
technology, tantalum nitride thin-film resistors, pn-junction diodes, p-i-n detectors, and two-level metal interconnect. 
The photoreceivers directly interface with 3.3 V CMOS and are well-suited for both guided-wave and free-space 
applications. b) 4x4 two-dimensional amy of photoreceivers for fiee-space links utilizing VCSEL emitter arrays. 
Photoreceivers are on 500 pm pitch and are easily scalable to higher density and greater number of channels per chip. 

slightly lower dielectric constant and significantly lower 
water absorption properties than polyimides that are 
commonly used to planarize circuits. Furthermore, BCB 
achieves a higher degree of planarization which makes 
interconnect issues less severe.[ 101 A process for achieving 
excellent adhesion to the InP substrate, defining both 
micron-sized baselemitter via holes and first metal -64 pm2 
via holes with a dry-etch process and fine-line second metal 
patterning has been developed.[ll] 

In Figure 4a a single channel photoreceiver circuit is 
shown. Included in the circuit is the three transistor HBT- 
amplifier utilizing a 50 pm diameter p-i-n detector and 
tantalum nitride thin-film resistors. In Figure 4b is a four- 
by-four array of photoreceiver circuits shown in Figure 4a. 

The circuits are on a 500 pm pitch and can be easily scaled 
to one-half the current pitch. 

V. Discrete HBT and Circuit Performance 

Shown in Figure 5 is the dc performance of a 2.6 x 
10.4 pm2 HBT. Peak current gains of over 100 are 
obtained with good gain at low base current for the small 
area transistors; gains as high as 150 were obtained for large 
area process control monitor transistors. This high gain 
exceeded the design specification of 50. Shown in Figure 6 
is the common emitter HBT characteristics. As shown 
V,, is greater than the power supply voltage used in 

Base-Emitter Voltage (V) 

Figure 5. Gummel plot of a 2.6 x 10.4 pm2 
HBT. Vk = 0.0 V. Current gains of over 100 are 
obtained with good gain at low base current. 

Collector-Emitter Voltage (V) 

Figure 6. Common emitter characteristics of a 
2.6 x 10.4 pm2 HBT used in low-power 
photoreceiver OEICs. 
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Figure 7. Microwave performance of the 2.6 x 
10.4 pmz HBT used in the low-power 
photoreceiver OEIC. Both fT and f,, are -50 GI+ 
at bias conditions of Ib = 40 p4 and v& = 2.0 V. 
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Figure 9. DC photoreceiver performance when 
excited by a test laser with a higher threshold than 
the VCSELs used in the optical data link. The 
high-to-low transition occurs well below the -500 
pW of incident light used in the system. 

this application where photoreceivers are directly interfaced 
with 3.3 V CMOS. 

Shown in Figure 7 are microwave performance data for 
the 2.6 x 10.4 pmz HBT. Both fT and f,,, of -50 GHz are 
obtained. As shown, for the frequency investigated, the 
devices were unconditionally stable when driving a 50 l2 
load. In this application the circuits operate in large signal 
mode of operation, therefore, high current and power gain 
are needed over a wide bandwidth to realize the fast rise and 
fall times when driving a 4 pF CMOS input load. 

The photoreceiver dc performance is shown in Figures 
8 and 9. In Figure 8 the results of exciting a photoreceiver 
with a dc current source connected in parallel with the p-i-n 
diode is shown. The load to the photoreceiver is a high- 
impedance load. These data show the sensitivity of the 
digital photoreceiver output to photocurrent. As shown 
the low-to-high transition occurs at approximately 120 pA 
of simulated photocurrent. This translates to approximately 
180 mW of incident light when the assumptions of anti- 
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Figure 8. DC photoreceiver performance when 
the p-i-n diode is driven by dc current source. The 
high-to-low transition occurs at -100 pA of 
simulated photocurrent. 

reflection coatings utilized and that all the light is incident 
on the detector are made. An internal quantum efficiency of 
0.85, or equivalently a responsivity at 980 nm of 0.67 
AIW, is assumed as well. This relatively high responsivity 
is due, in part, to double-pass absorption in the p-i-n 
detector used in this design. 

In Figure 9 the dc photoreceiver response when excited 
by a test laser is shown. For this characterization a 
pigtailed test laser and an optical probe were used. The test 
laser had a higher threshold current than the VCSELs used 
in the actual optical data link. These data show the 
photoreceiver output when actually excited by an optical 
source where the incident optical power is linear in laser 
drive current above the threshold current; however, coupling 
losses in the experimental setup precluded an accurate 
calibration of incident light power. The best case coupling 
of 500 pW of incident light is marked in the figure. As 
shown the photoreceiver output transition from a low-to- 
high occurs well below the system specification of 500 pW 
of incident optical power. Comparison of high-state and 
low-state output levels in Figures 8 and 9 show variations 
of that were obtained in comprehensive screening. The 
variations are believed to be due to immature processing 
which will be improved as the technology is developed. 

Shown in Figure 10 is the output of a photoreceiver 
circuit when driving a 4 pF CMOS load at the system 
bitrate of 100 Mbitshec. This eye diagram shows the very 
fast rise and fall of the photoreceiver output. The unusual 
eye diagram is because the photoreceiver is not operating 
near circuit bandwidth due to the system requirements of 
fast rise and fall with moderate bitrate. The BER results 
obtained are very low and for the data shown is lo-’’. Note 
that the slow “tails” on the transitions are in part due to 
RC-properties of the circuit and to turn ordoff 
characteristics of the laser used in this measurement. As 
shown the pattern eye is very open which indicates an 
extremely high signal-to-noise ratio exists in this optical 
data link. This pictorially shows the low BER obtained. 

. .  ..... - - . . . .  . . __ - - - . ... 
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Figure 10. Eye diagram for output of 
photoreceiver circuit shown in Fig. 4a operating at 
the system design bit rate. The data rate is limited 
to 100 Mbitlsec by the CMOS devices/ASICs that 
are connected directly to the photoreceivers; 
horizontal scale is 5 nsec/div and vertical scale is 
0.5 V/div. 

The photoreceivers operate very well at higher bitrates 
with large signal operation retained. Shown in Figure 11 is 
an eye diagram at 500 Mbits/sec. This is a more typical 
appearing eye diagram with symmetry in the open eye. The 
symmetry is because both the photoreceiver and laser are 
operating closer to the bandwidth limit. The low-state 
output signal is slightly higher than at 100 Mbitskec due 
to an RC-decay in the receiver circuit. The high-state 
signal level is slightly lower. The high-state level can be 
increased by increasing V,. Of course, this high bit rate is 
not useful for packaged 3.3 V CMOS due to parasitics with 
packaging and board interconnects, but in a MCM 
application such high bit rates between chips is possible. 

BER testing was limited to 500 Mbits/sec due to test 
equipment limitations. However, in an effort to test the 
maximum bit rate at which the photoreceivers will operate, 
a square pulse at 400 MHz was input to a high-speed laser 
to simulate an 800 Mbitskec high-low bit pattern. The 
photoreceiver output driving a 4 pF load is shown in Figure 
12. Excellent large signal performance was maintained up 
to 800 Mbitdsec which was maximum frequency for which 
a square-wave light emission could be realized with the test 
laser. Higher bit rates are possible with the photoreceiver. 
Again this high-speed may find applications with future 3.3 
V CMOS in MCM applications. 
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Figure 12. Output signal of HBT photoreceiver 
operating with large signal operation (0.9-2.3 V) 
at an equivalent bit rate of 800 Mbitskec which is 
limited by the laser used in the test. 

As described earlier, a main goal of this work was to 
develop an ultra-low-power photoreceiver. Shown in 
Figure 13 is the dc power dissipation when the 
photoreceiver is excited by a 980 nm high-power test laser. 
The test laser requires significantly higher current than the 
VCSELs used in the actual data link. As shown the low 
state power dissipation is about 13 mW and in the high 
state the power is about 8 mW. The average power 
including the power consumed to charge and discharge a 4 
pF load (Le. fCV') is about 12 mW which is slightly 
higher than was detewned by circuit simulation. The 
higher power is due to the fact that the NiCr resistors used 
in this circuit fabrication were of lower values than 
specified. The lower values led to higher currents and 
higher power dissipation. Lower power dissipation can be 
achieved with optimized resistor values. 

The delay through the photoreceiver was measured to 
be -1 nsec when driving a 4 pF CMOS load. This is 
defined as the elapsed time from when the light is incident 
on the detector to when the state-transition occurs. Levels 
when the transitions occur were defined previously. The 
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Figure 11. Eye d i a - m  for output of 
photoreceiver circuit driving a 4 pF load. 
Excellent large signal operation (0.8-2.0 V) is 
obtained at 500 Mbitskec. 
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Figure 13. DC power dissipation of the HBT-based 
photoreceivers when excited by a test laser. The 
high-state power dissipation is limited to -8 mW 
since the test laser optical power exceeds the 
system specification slightly above threshold. 
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Figure 14. a) CMOS-to-CMOS free-space optical data link with VCSEL emitter and HBT/p-i-n photoreceiver. The 
HBT photoreceiver interfaces directly with 3.3 V CMOS and is powered by a single 3.3 V power supply. b) Measured 
responses at input of CMOS emitter driver, output of photoreceiver (input to CMOS) and output of CMOS (as 
indicated in a) showing less than one clock period delay for signal propagation between MCM levels spaced 850 pm 
apart. 

measurement was performed with a discrete p-i-n dicde 
fabricated on-wafer with the photoreceiver circuits to define 
the time origin and the same on-wafer measurement setup 
was used to measure the photoreceiver output. A high- 
impedance *probe was utilized for the on-wafer 
measurements. 

Shown in Figure 14a is a block dia-mam of the 
complete optical data link utilizing the HBT-based 
photoreceivers interfaced directly with 3.3 V CMOS. As 
shown the VCSEL emitter is driven directly by CMOS 
drivers as well. The spacing of the free-space interconnect 
is -850 pm. In this test setup, a line driver was driven by 
the HBT-photoreceiver for ease of data link characterization, 
but in an actual MCM application the photoreceiver would 
drive the next logical unit, such as an ASIC, in the data 
process system. The test was performed in a custom 
designed test set with translators for positioning. Shown in 
Figure 14b are responses measured at three positions as 
shown in Figure 14a. The three responses are 1) at the 
input of the CMOS driving the VCSEL, 2) at the output of 
the photoreceiver driving the CMOS on the second level of 
the MCM test setup, and 3) at the output of the CMOS 
driver. 

As shown the total delay from the CMOS input to 
CMOS output is approximately 7.5 nsec. The greatest 
delay component is the delay for light emission which is 
approximately 5 nsec minus the 1 nsec internal photo- 
receiver propagation delay. Approximately 1 nsec is due to 
the propagation delay in the CMOS driver while the 
remaining -3 nsec is the time for the VCSEL to turn on. 
The VCSELs used in this test are implanted lasers which 
exhibit a significant time constant of thermal lensing 
emission enhancement. Higher speed can be obtained by 
utilizing etched post lasers. The 2.5 nsec delay from 
changes in photoreceiver output to CMOS transition 
includes -1 nsec CMOS propagation delay and the 
remainder is simply due to propagation delays in the test 

board lines. These results clearly demonstrate that high- 
speed data links for real time process in vertically stacked 
MCM modules can be realized with free-space optical data 
links. 

A final comment on photoreceiver performance is on 
noise characteristics. As shown earlier low bit error rates 
and open eye diagrams were obtained. Standard error 
analysis assuming Gaussian noise distributions that are 
applicable for small signal analyses are not easily applied in 
an analysis of this system which operates in large-signal, 
switching transistor mode of operation. Furthermore, 
signal currents such as the photocurrent are huge relative to 
base noise currents and resistor thermal noise currents. 
This result leads to huge signal-to-noise ratios which is the 
origin of the low error performance. 

VI. Conclusion 

Free-space optical interconnects would enable the 
realization of hundreds and even thousands of data channels 
between vertically stacked MCMs. In addition, these links 
offer greater flexibility in module design since they are not 
constrained to placement along the module periphery. In 
this paper, the design, fabrication, and characterization of an 
ultra-low-power photoreceiver based on InGaAshP HBTs 
and p-i-n detectors was reported. Low-power dissipation is 
needed to realize high-density of parallel data links for both 
thermal and electrical reasons. Two-dimensional arrays of 
photoreceiver that interface directly with 3.3 V CMOS 
positioned with 500 pm pitch was demonstrated and 
characterized. The technology can be easily scaled to higher 
density. Extremely low-latency is realized with this data 
link because the photoreceivers drive CMOS directly. This 
highly-parallel, high-density data link technology can 
greatly benefit systems such as image correlation processors 
that are based on vertically stacked MCM technology where 



transfers of huge volumes of data between modules limits 
the throughput. 

These low-power photorecei$ers are demonstrated in 
free-space optical data links; however, they are well suited 
for guided wave applications as well. An example is 
replacing a coaxial uni-directional CMOS data link with a 
fiber link utilizing these low-power photoreceivers and the 
associated low-power VCSEL sources in small optical fiber 
connectors. Both the receiver and emitters could be 
integrated in the respective connector assembly. As shown 
earlier, the input and output would connect directly to the 
CMOS line drivers used in the coaxial link. From the 
circuit designer's point-of-view, he would not know if the 
link was fiber or coaxial, with the exception that an 
additional 3.3 V source would be required for the 
photoreceiver. The ultra-low-power photoreceiver discussed 
in this paper is well-suited for both free-space and guided 
wave high-speed optical data links. 
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