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ABSTRACT - As the required operational bandwidth of 
photoreceivers is increased, it becomes desirable to 
monolithically integrate photodiodes and transistors in order 
to optimize performance and enhance yield. In this paper we 
will describe OUT demonstration of material and process 
capabilities which allow us to integrate high electron mobility 
transistors and 1.55 urn P-I-N photodiodes on one substrate. 
The demonstration vehicles used for this are a de-45 GHz 
traveling wave amplifier and a photodiode with 12 pm optical 
windows. Measured results of three interconnection 
approaches (standard attenuator, optimized lossy match, 
buffer amplifier) will he described. 

I. INTRODUCITON 

Future generations of defense systems will increasingly 
take advantage of high speed / wide bandwidth opto- 
electronic components operating at 1.55 pm wavelengths 
for both digital and analog links [l]-[3]. Digital links in 
excess of 50 Gbps are expected to make up the back planes 
of future phased arrays. Also, high spur-free dynamic 
range analog optical liis will provide interference free, 
easy to make and break coonections which will drive down 
costs and increase flexibility in future mobile systems. 
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Fig. 1. Metamorphic OEIC material stack consisting of 
vertical PIN and standard low noise HEMT layers. 

HEMTs are more attractive than HBTs for these high 
sensitivity and wide bandwidth applications. They have 
much better RF noise perfommnce than HBTs [4]. Also, 

reduction of device par&tics through scaling of HEMT 
dimensions is relatively easy to implement. Noise figures 
of 3 dB at 95 GHz and F,, ‘s of 400 GHz are not unusual 
for short gate length IoF’ and metamorphic HEMTs [5]. 

Fig. 2. TEM micrographs of metamorphic PIN material layers 
(left), and HEMT active layen on top of the metamorphic buffer 
(right). While the buffer layers contains a large amount of 
defects, very few propagate into the active layer. 

In order to truly take advantage of the low noise and 
high frequency performance of HEMTs in photoreceiver 
circuitry it is necessary to monolithically integrate them 
with photodiodes. Optoelectronic integrated circuits 
(OEICs) allow performance to be optimized for the 
particular requirements of a link. Also, a much more 
reproducible photoreceiver is created by controlling the 
interface between the photodiode. and pre-amplifier on 
chip rather than using a hybrid approach. The following 
paper describes Raytheon RF Components’ OEIC process 
that integrates vertical PIN photodiodes [6] and HEMTs 
[7] which has been developed to address future defense 
system needs for high performance optical receivers. 

II. MATERIAL AND DEVICE FABRICATION 

The active layers of the OEIC material structure were 
grown on metamorphic &As substrates using MBE. 
Metamorphic buffer technology allows the deposition of 
layers with virtoally any indium content on GaAs without 
the defects associated with lattice mismatch. By grading 
the indium content over the 1.5 pm thickness of the 
AlInGaAs buffer layer, the lattice constant is transformed. 
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[S], Raytheon RF Components and other companies have 
successfully used this technology to manufacture low Cost, 
high performance W-like HEMTs in production 
quantities [91. 

Typically OEIC material stacks arc simply HBT’s [lo]- 
[lZj in which the base-collector junction also serves as the 
photodicde. This compromises both photodiode and 
transistor performance. The OEIC material for the 
implementation described in this paper consists of an 
optimized PIN photodiode stack on top of standard low 
noise HEMT layers. As illustrated in Fig. 1, the PIN diode 
is composed of InGaAs P+ and intrinsic layers on top of an 
N+ InAlAs layer. The critical layers of the HEMT 
underneath are an N+ Is,,,G$,,As cap, N InAlAs 
Schottky, and a ZOOB, I%,G%,,As channel. 

The metamorphic buffer used for OEIC structures 
provides lattice transformation with little if any residual 
strain in the thick Is,,,Gs,As layers of a PIN diode. Fig. 2 
shows a TEM micrograph of photodiode active layers. 
Few if any. dislocations are. observed. A plot of dark 
current as a function of diode diameter further illustrates 
the material quality (Fig. 3). Both I& and metamorphic 
diodes have approximately the same leakage currents, and 
they exhibit a roughly linear relationship between dark 
current and diameter. Tbis is an indication that the current 
is dominated by surface leakage (periphery dependent) 
rather than bulk defects (area dependent). 

The OEIC process required the melding of both PIN and 
HEMT processes. Due to the overlap of a number of steps 
only three additional mask layers beyond the standard 
MHEMT mask set were necessary (anode mesa, cathode 
mesa, and AR coat). Selective etching was used to define 
all critical mesa struchues and to create the single-wide 
recess of the low-noise HEMTs. The standard transistor 
ohmic, metal, nitride capacitor, and via processes were 
used. Thanks to the relatively thin HEMT layers, the air 
bridge height from substrate to anode was only slightly 
longer and did not imp&t yield. 

Neither transistor nor photodiode performance were 
negatively impacted by merging the two processes. 
Unpackaged photodiodes with 12 pm optical windows had 
typical responsivities of 0.5 A/W and -3 dB bandwidths of 
approximately 28 GHz. This compares well with state-of- 
the-art performance of stand alone, unpackaged InP 
photodiodes of similar size (Fig. 4). When packaged and 
t&red efficiently, the stand alone InP and metamorphic 
GaAs photodiodes have 3 dB bandwidths in excess of 50 
GHz in a 50 S2 system and typical responsivities of 0.7 
A/W. A comparison of HEMT characteristics extracted 
after gate deposition is shown in Table I. The lines in the 
graphs mark upper and lower process limits for the 
standard 0.15 pm gate length metamorphic HEMT. 
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Fig. 3. Leakage current dependence on diode diameter for 
metamorphic GaAs (top) and I&’ (bottom) vertical PIN 
photodiodes. Note that the InP and metamorphic devices have 
appmximately the same leakage current. Both data sefs have a 
roughly linear relationship betweed leakage and diode diameter 
indicating surface rather than built leakage paths dominate. 
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Fig. 4. Comparison of unpackaged metamorphic and I&’ 
photodiode frequency perfomxmce. Both device types have 
approximately the same responsivity and frequency response. 
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TABLE I 
Commrison of median OEIC transistor characteristics 

III. OEIC DESIGN AND RESULTS 

A dc-45 GHz traveling wave amplifier was chosen as a 
base preamplifier for the metamorphic OEIC development. 
The circuit is described in detail elsewhere [13]. In brief, 
in a 50 R system the circuit provides 16 f 0.75 dB of gain 
over the entire band. Input and output return losses were 
better than 8 dB. 

The eIectrica1 pax&tics for the photodiode model were 
extracted from the l-port s-parameters of a stand-alone 
metamorphic PIN. Although photocurrent production is a 
nonlinear process, it is adequate to use a voltage dependent 
current source to model it. This assumes a constant, 
frequency independent optical input power. A 50 R 
termination in the input of source ensures full absorption 
of incident power. Responsivity was treated as a scaling 
factor and the dependent current source’s transconductance 
was set to 1 A/V in the model. Fig. 5 shows the final 
photodiode model including parameter values. 

V,” 5o cl 
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Fig. 5. Z-port photodiode lumped element model and parameter 
values for a 10 w optical window diode. The transconductance 
of the dependent current source may be changed to account for 
the expected responsivity. 

No modifications were made to the traveling wave 
amplifier for the purposes of optimizing photoreceiver 
perfornmnce. Instead, wide bandwidth interconnection 
techniques were investigated. Three approaches were 
taken includipg a standard JO R matched 5 dB attenuator, 
a lossy matching network, and a common source buffer 
amplifier. The later two topologies were optimized in 
LIBRA [14] using measured s-parameters for the traveling 
wave amplifier and the 2-port photodiode model. The 
alternative lossy match consists of a resistive 1 inductive 

path to ground that helps react out the diode capacitance as 
well as match to the traveling wave amplifier. 

Fig. 6. Photograph of a metamorphic OEIC consisting of a 
photodiode, 5 dB attenuator, and a traveling wave amplifier. 

Fig. 7. Measured frequency response of four photoreceiver 
configurations. The photodiode - amplifier interconnections are 
nude using ( ) hybrid lossy match, (-) monolithic 5 dB 
attenuator, (-c) monolithic lossy match, (-¤-) monolithic 
buffer amplifier. All measurements were performed with the 
same optical input power. 

Fig. 6 is a photograph of a fabricated OEIC with the 5 
dB attenuator interconnect. A comparison of the various 
configurations’ measured results for a given optical input 
power is displayed in Fig. 7. Included in the figure is a 
result for a hybrid photoreceiver composed of a stand- 
alone photodiode and the traveling wave amplifier. The 
hybrid uses a lossy match to interface with the amplifier. 
Measurements were performed without packaging the 
devices. The coarse manual alignment of the optical fiber 
results in less than optimal responsivity, but is adequate to 
determine the relative merits of the interconnect 
approaches. All of the monolithic solutions provide 
approximately 38 GHz of bandwidth, which is 
approximately 20% greater than the hybrid approach. This 
is due to the lower, better-controlled par&tics of the 
monolithic implementation. The common soorce buffer 
amplifier cofiguration provides over 5 dB higher gain as 
expected. In addition to better performance, the OEIC is 
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extremely reproducible. Fig. 8 presents an overlay of the 
normalized transfer characteristics of 5 OEICs. In general 
the shape of the transfer characteristics ax identical, with 
a worst-case difference of 1.5 dB. 

Fig. 8. Overlaid frequency response of 5 lossy matched OEICs 
from the same wafer. Note that for most frequencies and devices, 
the differences could be attributed to variations in measurement. 

IV. CONCLUSION 

A metamorphic GaAs based OEIC process has been 
developed at Raytheon RF Components to address future 
high performance photoreceiver needs around 1.55 pm 
operating wavelengths. Rather than monolithically 
integrating HBTs and photodiode structures, OEICs 
consisting of high electron mobility transistors and vertical 
P-l-N photodiodes were fabricated in order to take 
advantage of the excellent noise and high frequency 
capabilities of metamolphic HEMTs. OEIC demonstration 
vehicles consisting of a traveling wave amplifier, a 
photodiode with 12 pm optical windows and various 
interconnect approaches resulted in high performance, 
wide-bandwidth (-38 GHz) photoreceivers. These devices 
demonstrate the excellent reproducibility and reduced 
parasitics that may be attained through monolithic 
integration. 
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