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InGaAs Metal-Semiconductor-Metal Photodetectors 
for Long Wavelength Optical Communications 

Julian B. D. Soole and Hermann Schumacher 

Absfmcl-Interdigitated metal-semimdudor-metal (MSM) Schottky 
barrier photodetectors based on the InCaAs-InP material system h8ve 
been the subject of keen research over the past couple of years for 
use in long wavelength communication systems. This paper reviews the 
properties of these detectors 8nd discusses the current state-d-the-8rt 
performance achieved by experimental devices. The experimental work 
concentrates on the barrier-enhanced lattice-matched InAIAs-InCaAs 
device grown by low pressure OMCVD, which has to date yielded 
detectors with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe highest performance characteristics. Current research 
on their Integration with FET’s to form monolithic receivers and with 
w8veguides for on-chip optical signal processing is also included. 

I. INTRODUCTION 

HE planar metal-semiconductor-metal (MSM) photodetec- T tor is illustrated schematically in Fig. 1 .  It consists of a 
semiconductor absorbing layer on which two interdigitated 

electrodes have been deposited to form back-to-back Schottky 
diodes. The detector is extremely easy to fabricate. The com- 
patibility of the detector structure with FET’s (see Fig. 2), to- 
gether with the planarity of the contacts, results in a minimal 

increase of process complexity when the MSM is integrated with 
MESFET or HEMT circuitry. The electrode deposition stage 
may generally be combined with other metalizations in the fab- 
rication of an integrated receiver circuit. These combined ad- 

vantages have lead to its widespread use as a detector front-end 
in GaAs based integrated receivers [1]-[4]. The most complex 
integrated GaAs receiver reported to date, employing over 2000 
devices in four parallel receiver clock-recovery circuits [4], used 
GaAs MSM detectors. 

Aside from its planarity and compatibility with FET’s, the 
interdigitated electrode structure of the planar MSM gives the 
detector a very low capacitance per unit area. Fig. 3 graphs the 
capacitance of MSM’s with typical device dimensions against 
the side-length of the interdigitated area. The low capacitance 
means that a large area MSM, such as might be used with ease 
with a multimode fiber, may be used in conjunction with a high 
impedance integrating amplifier without necessarily compro- 
mising the bandwidth. Also, as the equivalent input noise cur- 
rent in FET’s is proportional to the square of the total front end 
capacitance, (Cdetector + zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAC,, + Cstray)’, a low detector capaci- 
tance benefits receiver sensitivity [5], [ 6 ] .  

High-performance GaAs MSM’s for use in the 0.8 pm wave- 
length band have proved relatively easy to fabricate [7]-[9] be- 
cause good-quality high-barrier ( - 0.7 V) Schottky contacts can 

be readily obtained on GaAs. Operation at the longer wave- 
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Fig. 1. Schematic diagram of the generic MSM detector. Interdigitated 
electrodes form Schottky contacts on the absorbing semiconductor, which 
is usually grown epitaxially often after a buffer layer and may be mesa- 
etched for isolation. 
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Fig. 2. An example of GaAs MSM-FET integration, showing device com- 
patibility and the ease of integration of the MSM. (After [I]) .  
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Fig. 3. Capacitance versus edge length of the interdigitated area, for 1, 2, 
and 3 pm spacing MSM’s. The solid lines are for 1 pm wide electrodes, 
and the dotted lines for 0.5 pm fingers. The capacitance of a p-i-n with 
0.5 and 1 .O pm thick semiconductor is also plotted, for comparison. 

lengths of interest to long haul optical fiber communications, 
1.3 and 1.55 pm, however, requires the use of the narrow band- 
gap InGaAs-InP material system. Unfortunately, undoped 
InGaAs (n-) has a low Schottky barrier height (-0.2 V [lo]). 
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This means that direct deposition of the electrode on the InGaAs 

gives detectors with an unacceptably large leakage current even 
at low biases. Various schemes have therefore been explored to 

“enhance” this Schottky barrier and so limit the dark current. 
Thin strained layers of GaAs [ l l ]  and AlGaAs [12, 131, both 
of which have higher Schottky barriers, have been grown on 
InGaAs, and dielectric films have been deposited using a Lang- 
muir-Blodgett technique zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 141. The device performance in these 
cases was rather poor, with moderate leakage currents, signifi- 
cant low frequency gain, and pulse responses with long tail por- 
tions indicating a significant trap density. Recently InP : Fe, 
which pins the Fermi level at midgap has also been employed 
[15], though this too produced devices with a significant pulse 
response tail and internal gain. 

The most promising barrier enhancement technique reported 

to date has been the growth of a thin layer of undoped lattice- 
matched InAlAs [16]-[22] on the InGaAs. InAlAs lattice 
matched to InP zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(E, = 1.47 V) has a high Schottky barrier of 
-0.8 V [23] and a thin layer grown epitaxially on InGaAs has 

the effect of raising both the electron and hole barriers. Both 
Organo-Metallic Chemical Vapor Deposition (OMCVD) grown 
1161, [18]-[20] and MBE grown [17], [22] material has yielded 
devices with good performance characteristics. In the following 
sections, most of the experimental results reported will be for 
devices grown by low pressure (76 torr) OMCVD, which is the 
growth process used by the authors. Provided care is taken to 

exclude all sources of oxygen from the reactor, low pressure 
OMCVD is found to give high-quality InAlAs and an InAlAs- 
InGaAs heterointerface which possesses a low density of de- 
fects. Electron beam evaporated Ti-qu was used for the 
?chottky electrode metal, typically 200 A Ti followed by 2000 
A of Au. A typical fabricated device is shown in Fig. 4, along 
with a schematic of the detector cross section. 

An alternative approach being pursued by some workers is 

the growth of In,Ga,,As on GaAs substrates [24], [25]. In [24], 
a layer of intermediate lattice constant is interposed between 
absorbing In, ,Gao,*As and the substrate in an effort to prevent 
misfit dislocations from entering the optoelectronically active 

detector material. Although to date the performance of mis- 
matched InGaAs detectors has been inferior to those of lattice- 
matched InGaAs-InP devices, this approach holds the potential 
for coupling into mature GaAs integrated device technology. 

In the following sections we shall discuss some of the prop- 
erties of InGaAs MSM detectors and give experimental results 
for InAlAs-InGaAs devices grown by low pressure OMCVD. 
These represent the best performances so far obtained for the 
InGaAs MSM. First of all, we consider the detector capaci- 
tance, which of course depends only on the geometry and the 
semiconductor dielectric constant and so is generic to the MSM. 
Then we give the diode I-Vcharacteristics and discuss the form 
of the dark current. We then consider the CW photoresponse 
and the matter of internal gain. In Section VI, we examine the 
noise performance of these lattice-matched devices and in Sec- 
tion VI1 we consider the temporal performance of the MSM. 
We give computations of the transit-time limited impulse re- 
sponse, and show how the response speed depends on the dif- 
ferent device dimensions, comparing our findings with some 
experimental results. Section VI1 concludes with an examina- 
tion of the trade off which occurs between bandwidth and effi- 
ciency. We finish the paper with a look at the present work on 
integrating the InGaAs MSM with FET’s in monolithic photo- 
receivers, and with semiconductor waveguides for on-chip op- 
tical signal processing. 

Fig. 4. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA typical fabricated detector. The interdigitated electrodes cover 
the central portion of a 40 X 40 pm etched mesa. A polyimide collar pre- 
vents the electrodes contacting the mesa sides and aids edge coverage. 

11. CAPACITANCE OF THE MSM 

As outlined above, one of the advantages of the interdigitated 
MSM is its low capacitance per unit area. Typical photolitho- 
graphically defined devices have electrode fingers widths of - 1 
pm and interdigital spacings of 1-3 pm. This electrode struc- 
ture has a capacitance of just a few zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfF/( 10 pm)2. For an un- 
doped and infinitely thick semiconductor, the capacitance is 
given [26] by 

K(k) A 

K(k’) + finger period zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAc = -  

where zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAer is the relative dielectric constant of the semiconductor, 
A is the interdigitated area, and K(K)  is the complete elliptic 
integral of the first kind, 

K(K) = i,’2 [ 1 /d ( l  - K~ sin2 p) dp  

with 

k = tan’ [T (finger width)/4 (finger period)] 

and 

k’ = J ( l  - P).  

Fig. 3 plots the capacitance derived from this expression as 

a function of J A ,  for three electrode spacings: 1, 2, and 3 pm. 
The solid lines are the capacitance for an electrode finger width 
of 1 pm and the dotted lines are for an electrode width of 0.5 
pm-the difference is seen to be only marginal. For compari- 
son, the capacitance of a p-i-n diode with both a 0.5 and a 2.0 
pm InGaAs layer is also plotted. It is seen that the capacitance 
of the MSM is significantly lower than that of the p-i-n, even 
when comparing the rather thick (2 pm) p-i-n and the narrow 

spacing (1 pin) MSM. This means that the bandwidth of a re- 
ceiver incorporating an MSM front end will in general not be 
limited by the detector capacitance. We also note that there will 
only be a small addition to the input noise, which is propor- 

A detector suitable for coupling to a single-mode fiber might 
have an active area in the region of 50 X 50 pm. An MSM with 
1 pm electrodes and a 2 pm spacings-which is typical of the 
detectors reported to date-will then have a capacitance of - 40 
fF. This gives an RC charging time of just 1.9 ps into a 50 fl 
load. In comparison, the transit times of the photogenerated 
carriers will be of order [(electrode separation) /2 (saturation 
velocity)], which is a few tens of ps. The response into 50 fl is 
therefore limited by the carrier transit times. This will continue 

tional to (Cdetector + c,, + Cstray)*. 
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Fig. 5. Potential distribution in a “1 X 2” MSM. The lines are calculated 
for a 10 V bias using. a finite element computer program. 
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to be the case for moderate increases in the load impedance, or 
alternatively for a moderate increase in the detector area or de- 
crease in the finger spacing. Indeed, it is generally true that for 
photolithographically defined InGaAs MSM detectors the finite 
carrier transit times will be the factor which limits the frequency 
response. Later, in Section VII, we consider how these transit 
times are governed by the device geometry and what limitation 

they put on the detector bandwidth. 
The above formulation is for an undoped (and semiinfinite) 

semiconductor. In practice, the InGaAs of the MSM has a re- 
sidual doping level in the region of 5-10 x lOI4 and a 

few volts bias is required to deplete a typical device. Once de- 
pleted, the capacitance is then given by (1) and the electric field 
profile is only slightly perturbed from that of the undoped de- 
vice. The potential distribution in a l pm finger, 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm spacing, 
device, “1  X 2”, is given in Fig. 5. The extent of the depletion 
can be estimated from a capacitance/voltage plot, a typical ex- 
ample of which is given in Fig. 6. The trace is for a “1  X 2” 
detector with a 2 pm thick, n - 6 X lOI4 C I I - ~ ,  InGaAs layer. 

The trace for a device with a thinner InGaAs layer flattens out 
at lower biases. Unlike a one-dimensional MSM-i.e., one with 
collinear electrodes and semiconductor (as treated by Sze, 
[27])-where complete depletion occurs at the “punch-through” 

bias and the capacitance remains constant thereafter, the inter- 
digitated MSM continues to deplete regions further from the 

surface, under the electrodes, and beneath the absorption layer, 
so the capacitance continues to decrease even at quite high 

biases. It should be noted, however, that for the most part the 
region of interest is that directly below the interelectrode spac- 
ing and not more than 1 pm or so from the surface, and that this 
region will be effectively depleted at biases less than that re- 

quired to “bottom-out’’ the C-V curve. Complete depletion of 
this region is nevertheless essential if a high internal quantum 
efficiency and a fast response is to be obtained (see below). 

111. DIODE CHARACTERISTICS 

As discussed in the introduction, the growth of a thin layer 
of lattice-matched Iq,52A1,,4,As on the Iq,53G%,47As has 
proved to be the most successful technique for producing low 
leakage detectors [16]-[20], [22]. The III,,,,A~,,~~As (E, = 1.47 
V) has a high Schottky barrier height of -0.8 V [23] and the 
thin epitaxial layer has the effect of raising the Schottky barrier 
on n--InGaAs, which is only -0.2 V, and limiting the dark 
current [ 161-[22]. 

The data given below and throughout this article is for 
I ~ , , , A ~ , ~ , , A s - I ~ , , ~ G ~ . ~ ~ A s  detectors grown by low pressure 
(76 torr) OMCVD. The InAlAs layer so-grown is of high crys- 
talline quality (a low divergence of <24” is obtained for the 
(004) CuKa diffracted beam with Au la  - 1 . 1  x and the 
InAlAs-InGaAs interface has a low density of traps; a room 
temperature mobility of 11900 cm2V-’s-’ is typically obtained 
in a modulation doped structure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(n, = 2.4 lo1, cm-’) [16]. The 
residual InGaAs doping for the devices presented is typically 
6-8 X lOI4 with n--InAIAs at 5-10 x lOI4 ~ m - ~ .  The 

Schottky metal is Ti-Au. 
The dark I-Vcharacteristic of a typical device is given in Fig. 

7. This detector has nominally 1 pm finger widths and 2 pm 
electrode spacings, and employed an 800 A InAlAs layer. The 

leakage current densities are - 25 pA/pm2 at 15 V and <300 
pA/pm2 at 30 V, with a breakdown voltage of 35-40 V. These 
values are somewhat better than the best previously reported for 
the InAIAs-InGaAs device [20] and are the lowest leakage fig- 

ures reported so far for the barrier enhanced InGaAs detector. 
The full curve is shown in the inset and is symmetrical, as ex- 
pected. Fig. 7 has the same general form as that found for low 
leakage GaAs MSM’s [8], [28]. 

The I-V curve in Fig. 7 shows a “knee” at low bias ( -  1 V). 
This occurs as the anode contact becomes forward biased. For 
typical detectors, the voltage required is 1-5 V, depending on 
the electrode spacing and the residual doping level. This knee 
bias is close to that suggested by a simple one-dimensional 
model [27], which gives the voltage for flat band at the anode 

Vfb as 

where L is the electrode spacing and Nd is the residual doping 
level. The current flow in the planar MSM at low biases would 

occur predominantly in a thin subsurface layer, so this corre- 
spondence might be expected. The photoresponse curves, to be 
discussed in the next section (see Fig. 9), also show a “knee” 
and a close examination reveals that its position shifts slightly 
to higher biases as the illumination increases-presumably the 
result of the increased space charge present. 

At biases less than V[b, the dark current is negligible. Just 
above the flat-band condltion, a substantial fraction of the elec- 
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Fig. 7. Dark current of a “! x 2” device with an electrode contact area 
of -350 pm2 and an 800 A InAlAs barrier layer. The inset shows the 
symmetric nature of the characteristic. 

tron-hole pairs generated may still recombine if the separating 
field is not strong. Also, the InGaAs furthest from the surface 
may not be fully depleted. Thus, a somewhat higher applied 
bias is required before unity quantum efficiency is attained. As 
seen later, in Section VII, a higher bias is also required to obtain 
a fast detector response. 

The general form of the I-V curve shown in Fig. 7 is similar 
to that expected for a simple one-dimensional back-to-back 
Schottky diode [27]. Qualitatively, this similarity is to be ex- 
pected. However, the planar MSM differs from the one-dimen- 
sional device in two distinct ways. First, the detector is two- 
dimensional and the field lines are nonparallel. This leads to 
nonuniform conduction that can only be approximated by a one- 
dimensional formalism. Second, the electrode interface is by no 
means a “simple” Schottky contact. Although the InAlAs has 
to date been simply regarded as a means of raising the effective 
Schottky barrier on the InGaAs, in reality it forms a distinct 
barrier of nonnegligible width for both electrons and holes. This 
is indicated schematically in Fig. 8. Although current flow at 
low biases will largely be the result of the thermionic emission 

of electrons and holes over the relevant InAlAs barrier, con- 
duction by field assisted tunneling will increasingly occur at 
higher biases. The details of the InAlAs tunnel barriers will 
profoundly influence the form of the I-V curve. If present, an 
intermediate compositionally graded or “chirped” superlattice 
layer will also affect the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI-V characteristic. 

Although a two-dimensional analysis incorporating the de- 
tails of the barriers is necessary for a full understanding of the 

I-V characteristic, it is nevertheless interesting to examine the 
extent to which a simple one-dimensional analysis [27] models 
the experimental situation. We expect the “effective” electron 
barrier at the contacts to approach the value of the Schottky 
height on InAIAs; to be slightly lower to account for some tun- 
neling through the barrier and some image charge lowering [29], 
but nevertheless to be greater than the difference between the 
InAlAs Schottky height and the InGaAs-InAlAs conduction 
band offset (-0.51 V [30]). If we take a value of 0.82 V for 
the Schottky barrier height, as measured for Au-InGaAs [23], 
this places the effective electron barrier between 0.31 and 0.82 
V. Similarly, the effective hole barrier at the electrode will be 
greater than -0.42 V (E, {InAlAs} - pB,{InAIAs-metal}- 
AE,{InGaAs-InAIAs}), and approach 0.66 V (E,{InAlAs}- 
(os,{ InAlAs-metal}). 

If we use the simplest thermionic emission analysis, and ig- 
nore the details of the InAlAs barriers and all tunneling contri- 

InAlAs InGaAs InAlAs 

(b) 

Fig. 8. Band diagrams of the one-dimensional approximation to the planar 
MSM. (a) The simple Schottky barrier approximation. (b) A more detailed 
picture of the heteroenhancement layer. For a “thick” InAlAs layer, we 
expect independent formation of the InAlAs-electrode Schottky barrier and 
the InGaAs-InAlAs heterojunction. 

butions, we obtain an expression for the current [27]: 

J = A,*T2 exp (-e{V, - Ap,}/kT) 

+ AzTZ exp (-e{v, - Av,}/kT) (3) 
where, A,*,, are the effective Richardson constants for the elec- 
trons and holes, respectively, pn,, are the respective barrier 
heights, and AV,,, are the barrier lowerings caused by image 
charge effects-for a simple Schottky contact, AV,,, = J(eV/4 
ad). The carrier species injected over the lower barrier will 

dominate the current flow. If we assume (a posteriori) that hole 
conduction predominates, and take a value of 49 A/cm2/K2 

for A,* in InGaAs, the zero bias extrapolated current of the I-V 
curve in Fig. 7 yields an effective hole barrief of -0.63 V. I -  
V curves of other devices with -300-800 A (as-grown) In- 
AlAs layers yield similar values. Allowing for a reduction of 

A,* due to carrier back-reflection [29], a corrected value in the 
region of -0.6 V is suggested. This justifies the above asser- 
tion that the hole current dominates. 

A preliminary examination of the temperature dependence of 
the low bias portion of the dark current curve suggests the ef- 
fective barrier height is in the region of 0.5-0.7 V [31], though 
the nature of the I-V curves makes this determination somewhat 
imprecise. An examination of the forward cyrrent of an en- 
hanced barrier detector which used a 600 A thick chirped 
InAlAs-InGaAs superlattice [21] and a Au electrode in a single 
Schottky diode yielded an effective electron barrier of - 0.7 V 
with an ideality factor of 1.19 (using an A,* value of 7.03 
A/cm2/K2). A lower effective Richardson constant, to allow 
for carrier reflection, would reduce this value somewhat; how- 
ever the value of 0.7 V was also in agreement with C-V mea- 
surements. This figure compliments the value of 0.6-0.65 V 

suggested above for the effective hole barrier. We thus see that, 
as expected, the effect of the InAlAs is to raise both the electron 

and hole barriers to values close to those of the Schottky barrier 
heights on the InAlAs. The barrier potentials obtained also sug- 
gest that the holes dominate the carrier transport in the MSM. 

The simple Schottky barrier model provides an understanding 
of the low bias portion of the I-V characteristic. However, tun- 
neling through the InAlAs barrier is required to explain the rapid 
rise of the dark current with increasing bias, as seen in Fig. 7, 
and also the “soft” breakdown characteristic. The tunnel cur- 
rent component of the leakage current rises steeply as the volt- 
age dropped across the enhancement barrier reduces the effec- 
tive barrier height(s) and then, with increasing bias, yields 
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triangular barriers of diminishing width; the exponential depen- 

dence of the tunnel current on the barrier height and width re- 
sults in a rapidly rising I-Y curve. Again, hole conduction will 
dominate. A significant surface current component can be 
largely ruled out because no change was observed in similar 
devices when the semiconductor between the fingers was etched 
down into the InGaAs. A tunnelling current calculation using 
the potential dropped across the barrier layer in the two-dimen- 
sional structure predicts a slope for the Log(I) versus zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAY curve 

similar to that seen in the figure [32]. 
Soft breakdown of the 2 pm spacing device in Fig. 7 starts 

to occur at -30-40 V, and in a very repeatable fashion. Al- 
though there was no recess etching between the fingers in this 
device, as mentioned above, where this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas done no change 
was been observed in the characteristic. Breakdown would 
therefore appear to arise from current flow across the barrier. 
Avalanche has often been cited as a potential source of break- 

down [16], [22], [28]; the spacings between the fingers have 
sometimes been recessed [28] and rounded electrode structures 
have even been used zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 151. However, the breakdown biases ob- 
served experimentally are rather lower than those expected for 
avalanching, but are consistent with the dominance of a tunnel 
current through trapezoidal InAlAs barriers. The “soft” nature 
of the breakdown, together with the fact that the bias required 
for breakdown decreases and the current above breakdown in- 

creases as the temperature is raised [32], also argue that a tun- 
neling mechanism is primarily responsible. (A negative tem- 
perature coefficient would be expected if avalanching were 
occurring.) 

We do note, however, that the fields required for avalanching 
are being approached at the highest biases used. The bias to 
initiate avalanching is rather lower than suggested by a one- 
dimensional calculation (which is 60-100 V for an InGaAs 
“slab” of 2 pm thickness, equal to the interdigital spacing) 
because the electric field strength is much higher near the edges 
of the contacts. The presence of the wider gap InAlAs under 
the electrodes may have some effect in limiting the onset of the 
breakdown. When breakdown does occur, be it tunneling or av- 
alanche, it will be concentrated near the periphery of the elec- 
trodes, most probably at the finger tips where the field is likely 
to be strongest. The high biases indicated for “breakdown” in 
the experimental device shown in Fig. 7 is, of course, testament 
to the high quality of the OMCVD grown layer of that device. 

A complete understanding and prediction of the dark current 
curve of the planar MSM requires an accurate description of the 
potential barriers which exist under the electrodes, and must 
incorporate both thermionic and tunneling current components. 
A fully two-dimensional analysis of the electric field and con- 
duction current density is also required. 

For the receiver engineer, an important point is that the dark 
current at operating biases in the InAlAs-InGaAs MSM is now 
so low that the associated shot noise may be effectively ignored 
in receiver design. For biases of up to -20 V, less than 0.06 
pA/dHz will be generated in the detector graphed in Fig. 7 
(active area, 25 x 25 pm), which is between one and two orders 
of magnitude lower than the equivalent input noise of state-of- 
the-art receivers. The introduction of the InAlAs layer has thus 
produced an InGaAs MSM detector which is suitable for use in 
a state-of-the-art low noise receiver. 

IV. PHOTORESPONSE 

The CW photoresponse of a typical InAlAs-InGaAs MSM is 
shown in Fig. 9 for light of different incident powers. The 
shoulder at 1-1.5 V occurs because, as discussed in the ure- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig. 9. Photoresponse of a “ 1  x 2” InAIAs-InGaAs MSM for different 
incident light intensities. The dark current is coincident with the x axis. 

vious section, sufficient bias must be applied to obtain flat band 
at the anode and separate the generated carriers. After the knee, 
a fairly flat photoresponse is found, rising gently as the bias is 
increased. At the lower biases this is largely due to the increase 
of the depletion volume-the C-Vcurve is similar to that shown 
in Fig. 6. At -7  V the intemal quantum efficiency, as calcu- 
lated from the fractional surface area exposed and the known 
penetration depth of the light [33], assumes a value of unity. 
At higher biases the photoresponse continues to rise slowly. We 
therefore have some net intemal gain present at these higher 
biases. Some gain is also presumably present at lower biases 
but is masked by the incomplete depletion of the absorption 
region. 

Gain has been observed in both GaAs [8], [28], [34] and bar- 
rier-enhanced InGaAs MSM’s [ l l ] ,  [12], [15]-[17], [20], [22]. 
In the former, it has been attributed to traps in the GaAs and at 
the substrate, electrode, and air interfaces [7], [8], 1281, [341. 
It has also been speculated that a modulation of the conduction 
band edge under the anode might be responsible [8], however 
an investigation of the field in this region shows that this is 
unlikely. Trap densities within the absorption material can be 
minimized by using high quality detector material and, perhaps, 
a suitable substrate buffer layer; an AlGaAs substrate buffer 
layer used in conjunction with an AlGaAs capping surface layer 

to reduce surface traps has been shown to reduce the gain in 
GaAs MSM’s [7]. 

In an early report of ours [ 113 of an InGaAs MSM using a 
strained GaAs layer for barrier enhancement, significant gain 

was observed (up to -300%) and attributed to traps at the 
GaAs-InGaAs heterointerface and within the GaAs layer. With 
the use of high quality lattice-matched InAlAs with a low in- 
terfacial trap density, this intemal gain is reduced to a very low 

level. For the device in Fig. 9, the photocurrent rises by less 
than 10% of its unity gain value for biases up to -20 V, and 
by only -40% at the onset of breakdown. In Section VI we 
show that the noise in the lattice-matched InAlAs-InGaAs de- 

vice under normal operating conditions is sufficiently low not 
to introduce a sensitivity penalty to a receiver operating at typ- 
ical frequencies. 

Carrier trapping due to an unintentional interfacial oxide bar- 
rier under the electrodes has in the past been blamed for the 
presence of gain in MSM devices, as this can cause carrier in- 
jection from the electrodes. The InAlAs heterobamer layer pro- 
vides a structure where both electrons and holes may become 

confined by the band potentials. Presuming a low trap density 
and no unintentional oxide formation during (or after) fabrica- 
tion, charge trapped at the heterointerface may be one of the 
carrier contributors to the remaining intemal gain. We also note 
that carrier pileup will slow down the detector response. Pileup 
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may be completely avoided by grading out the band offsets at 
the InAlAs-InGaAs heterointerface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[35]. 

The photoresponse was found to increase linearly with the 

light intensity, up to a power of - 1.5 mW (the highest level 
used) [32] when the device was illuminated evenly over the - 25 

expected to occur at higher power levels due to space charge 

buildup within the detector. The MSM might be expected to be 
more sensitive than the planar p-i-n to high power levels be- 
cause of the fringing nature of the electric field. The response 
of the MSM at high optical powers has not been studied in detail 

to date, and this needs to be done before the detector can be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.3pm wavelength 1.55pm wavelength 

$ 80 
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used in’ certain applications, for example in coherent systems 
with local oscillator powers of >> 1 mW. 
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(a) (b) V. OUANTUM EFFICIENCY 
The intemal quantum efficiency of the MSM is close to unity 

over most of the operating range, as discussed in the last sec- 
tion, with some small gain present at the higher biases. The 
external quantum efficiency is therefore simply determined by 
the electrode structure (the electrodes are generally made thick 
enough to be opaque) and the thickness of the InGaAs. The 
extemal quantum efficiency is given by 

(4) 

where w is the finger width, s is the interdigital spacing, d: is 
the optical penetration length at the wavelength used, and d is 
the InGaAs thickness. The Fresnel reflectivity r is included but 
may be reduced to zero with the use of an antireflection coating. 

Fig. 10 plots the external efficiency calculated for “ 1  x 1,” 
“ 1  X 2,” and “ 1  X 3” AR-coated detectors as a function of 
InGaAs thickness, for both 1.3 and 1.55 pm wavelength inci- 
dent light. The “limiting” efficiency, corresponding to a de- 
tector with infinitely narrow electrodes (or any device under 
back illumination), is also shown. 

The shadowing of the active area by the electrodes and the 
consequent loss of efficiency is a main drawback of the MSM 
structure. Electron beam writing techniques may be employed 
to produce sub-pm width fingers which will minimize the loss, 
and the writing stage could be combined with FET gate defi- 
nition in the fabrication of an integrated amplifier, however rou- 

tine photolithographic processes limit the finger widths to close 
to a 1 pm. Semitransparent electrodes may be used to increase 
the quantum efficiency, though this is generally undesirable as 
it leads to a slower response as carriers generated under the 
electrodes suffer longer transit times (see Section 111); they may 
be employed, however, where high speed is not of prime im- 
portance. The same applies to back illumination through the 
transparent InP substrate, which of course eliminates electrode 

reflection loss entirely. 
It might be mentioned here that there are a number of ways 

in which the quantum efficiency of the MSM with a given elec- 
trode structure, and indeed that of a conventional p-i-n, might 
be increased without a loss of bandwidth. The simplest, per- 
haps, is to pass the incident light twice through the device by 
using a back reflector. For the MSM detector in particular, a 
semiconductor reflector stack grown directly under the absorp- 
tion layer is desirable, rather than a reflector on the back-side 
of the wafer, as the reflected light must remain for the most part 
illuminating the absorption region between the fingers and not 
under them. This double-pass structure may be extended to a 

Fig. 10. External quantum efficiency of the AR-coated MSM as a function 
of InGaAs thickness at 1.3 pm and 1.55 pn wavelength. For “1  X I , ”  
“1  x 2,” and “ 1  x 3” electrode structures. The limiting cases of zero 
width electrodes are also plotted. 

multiple pass one with the introduction of a top surface reflector 
and the consequent formation of a low Q cavity. This requires 
just a very thin absorption region to obtain a very high quantum 
efficiency. A waveguide detector geometry [36], to be dis- 
cussed in Section VIII, also offers the potential of near unity 
quantum efficiency, though because carriers are generated un- 
der the electrode fingers there is inevitably some sacrifice of 
bandwidth, the temporal response being similar to that obtained 

in the back-illuminated detector. A similar compromise occurs 
if one uses a surface grating to diffract incident light into the 
InGaAs at a high angle to the normal in order to reduce the 
surface-normal penetration depth. 

A more speculative way to increase the quantum efficiency is 
the use of lattice mismatched In,Ga,,As, where x > 0.53. This 
might be expected to absorb the light more strongly than 
In,,53Gh.47As lattice matched to InP, though some degradation 
of the dc characteristic and the response speed from traps as- 
sociated with the strained absorption layer is a distinct possi- 
bility. Another method might be the excitation of a bound elec- 
tromagnetic resonance in the vicinity of the top surface, for 

example a surface or local plasmon mode or a localized guided 
mode [37], [38]. This would have the effect of localizing the 
detector absorption in the uppermost portion of the InGaAs and 
would lead to an enhanced efficiency in a thin detector [39]. 
MSM’s with gold spheres touching the surface have been dem- 
onstrated to increase the quantum efficiency 1401, [41], though 
in these particular cases local plasmon modes were not primar- 
ily responsible. 

VI. DEVICE NOISE 
The noise generated in the photodetector front-end of a re- 

ceiver can have a significant impact on the overall system per- 
formance. Commonly, the noise components are assumed to 
have a white spectral power density; for example the shot noise 
of a p-n junction or the thermal noise generated by a base re- 
sistance or the channel of a field effect transistor [6], [42]. 

For p-i-n detectors, the thermal noise component generated 
by the series resistance can be neglected and the noise behavior 
is dominated by the shot noise of the dark Ieakage current and 
the light-dependent shot noise induced by the amving signal. 
To first order, the same applies to the planar MSM detectors. 
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Fig. 1 1 .  The noise power zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAN,,  measured at 10 MHz for an InAIAs-InGaAs 
MSM under illumination. The shot noise associated with the detector cur- 
rent (photocurrent.+ dark current) is plotted, as N,,,,,. The dark current I,, 
and photocurrent I,,, are also shown. The detector uses a 500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA lattice 
matched InAlAs layer and has 3 pm finger spacings. 

However, while a conventional pin photodiode has a “vertical” 

current flow, the MSM detector has a lateral current flow with 
strong interactions with the surface and the semiconductor in- 
terfaces, much like a FET. In FET’s, a low-frequency compo- 
nent with a 1 /f“-like dependence, where CY is an empirical pa- 
rameter often close to unity, is the dominating noise source at 

low frequencies, its cut-off frequency being dependent on the 
FET fabrication and geometry [43], [44]. A similar low-fre- 
quency noise behavior is therefore expected in MSM’s, in par- 
ticular the bamer enhanced device. 

An excess noise at 30 MHz has been observed in GaAs MSM 
detectors [45], accompanying the onset and subsequent increase 
of internal gain. The spectral dependence of this noise compo- 
nent, however, was not investigated. An InGaAs MSM which 

employed a strained GaAs enhancement layer [46] was shown 
to have significantly more noise than the shot noise component 
at frequencies below 35 MHz, and these devices also showed 
significant low-frequency gain. It thus appears likely that ex- 

cess noise, as well as most of the internal gain, is caused by 
traps. In the case of the InGaAs MSM in [46], these presumably 
occurred predominantly at the GaAs-InGaAs interface and 
within the GaAs layer itself. 

The noise characteristics of an OMCVD grown InAlAs- 
InGaAs lattice-matched MSM are shown in Figs. 11-14. The 
low frequency noise performance is far superior to that of the 
strained GaAs bamer device in [46]. There is also very little 
low frequency gain. 

Fig. 11 shows the noise power density at 10 MHz for a typ- 
ical detector under illumination. It is given as a spectral power 
density into a 50 D load, and is labeled N,,. This device had a 

500 A InAlAs layer and 3 pm electrode spacings. The dark 
current Id and photocurrent Iph are also shown, and the shot noise 
associated with the total current, Iph + Id, is plotted as Nsho,. 
We see that the measured noise follows the calculated shot noise 
for biases up to 30 V (the small offset is due to noncompensated 
loss in the microwave probe head and cable to the bias net- 
work), but that as the detector approaches soft breakdown at V 
> 30 V, excess noise above this shot noise limit is introduced. 

Experimentally, Nex was found to increase as ( I ph  + ld)2.4 in 
this region, rather than (Iph + I d ) ’ ,  as expected from shot noise 
behavior. We also note that at > - 10 V bias the calculated 

internal efficiency was - 100% and that there is no significant 
slope to the photocurrent curve at high biases, indicating that 
there is no significant internal gain occuring over the 10-30 V 
bias range. 
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Fig. 12. Spectral dependence of the noise of the nonilluminated detector 
in Fig. 11 for the three operating points in the soft-breakdown region in- 
dicated by the solid squares in that figure. Total detector currents are 5,  
10, and 15 pA. 
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Fig. 13. Plot of the cut-off frequency for low frequency excess noise F,., 
against detector dark current. 
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Fig. 14. Comparison the spectral characteristics of the noise for the illu- 
minated and nonilluminated device. Light sufficient to generate a 5 pA 
photocurrent is incident on the detector which is biased to give a dark cur- 
rent of 15 pA. 

Fig. 1 1  shows that there is some excess noise at 10 MHz at 
applied biases close to breakdown. Fig. 12 plots the spectral 
dependence, from 10 to 100 MHz, of the noise for threC oper- 
ating points in this soft breakdown region (the points indicated 
by the solid squares in Fig. 11). The detector is not illuminated. 
We see that at high frequencies the noise is shot-like, the the- 
oretical shot-noise power density being indicated by the hori- 
zontal portion of the lines drawn on the graph. At lower fre- 
quencies, an excess noise component is present. This appears 
to vary as l / f ” ,  with a value of CY close to 1 .  The “comer 
frequency” fc below which the 1 /f excess noise becomes sig- 
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nificant, is plotted in Fig. 13 as a function of the detector cur- 
rent. The curve is extrapolated to lower detector currents, ap- 
proaching typical operating conditions. For this detector, the 

dark current at a normal operating bias (i.e., that bias sufficient 
to obtain effective depletion and a fast detector response; see 
next section) would be in the region of 100 nA; Fig. 13 indi- 
cates that for this current only shot noise will be present down 
to frequencies below 1 MHz. 

It should be noted that the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 /fcut-off frequency is not a func- 
tion of the detector current but rather of the bias [45]. It most 
probably depends, in fact, on the strength and distribution of 
the electric field within the InGaAs, with greatest importance 
attached to the presence of regions with higher field strengths. 
As these latter occur near the surface and are largely determined 
by the value of the applied bias divided by the interdigital spac- 
ing (with the electrode width playing a minor perturbatory role), 
this “normalized” bias figure is expected to determine the char- 
acter of the noise present in the detector and to be ‘universal’ 
in application to devices with different dimensions. The degree 
of the internal gain present and the dark current density will also 
be functions of this “normalized” bias. As Figs. 11-13 show 
that only shot noise is present above zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- 1 MHz at the unity gain 
point-the usual operating point for the detector-for the device 

under study, it is thus likely that no excess noise will be present 
below - 1 MHz in any device when operated under these stan- 
dard conditions. 

Fig. 14 compares the noise spectrum of the nonilluminated 
device with that of the illuminated detector. In order to study 
the excess noise component, a bias point in the soft-breakdown 
region was taken-the bias for 15 pA of dark current (as in Fig. 
12)-and the detector then illuminated to give a photocurrent of 
5 pA. We find that when light is present the excess noise com- 
ponent is somewhat suppressed. This is probably because the 
photogenerated carriers satisfy a fraction of the traps associated 
with the excess noise. Within the accuracy of the measurement, 

the cut-off frequency remains fixed and the high frequency noise 
merely increases in accord with the increased shot noise of the 
detector current. 

We may thus conclude that InGaAs MSM detectors using a 
high-quality lattice-matched InAlAs bamer enhancement layer 
show a shot-noise dominated behavior at frequencies as low as 
- 1 MHz under normal operating conditions. The excess 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA/ f a  

noise component which is observed at low frequencies and high 

biases close to breakdown may be neglected for the vast major- 
ity of analogue and broad-band digital optical communications 
system applications. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

VII. TEMPORAL RESPONSE 

As discussed in Section 11, one of the advantages of the planar 
MSM structure is its low capacitance per unit area. From Fig. 
3, we see that a detector designed for simple fiber coupling, 
with an edge length of several tens of pm, will have a capaci- 
tance of much less than 100 fF .  This corresponds to an RC 
charging time into 50 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQ of less than 5 ps. The transit times of 

the photo-generated camers, on the other hand, are on the order 
of [(electrode separation) /(2 x saturation camer velocity)], 
which for devices with 1-3 pm finger separations is 8-24 ps, 
assuming an average saturation velocities of -6  x lo4 m/s 

(taken from [47]). Thus, for typical photolithographically de- 
fined devices with active areas of a few tens of pm on a side, 
the transit times of the generated camers will limit the speed of 
response. Only with a high impedance receiver front end might 
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1pm x 2pm l p m  x 3pm 
Fig. 15. Pulse response, under identical experimental conditions, of a “ 1  
X 2” and a “ 1  X 3” detector fabricated next to each other on the same 
chip. Front-illuminating 1 .3  pm light with 15 V detector bias. The system 
response width is -40 ps. 

the RC charging time be significant in determining the band- 
width. Most of the MSM detectors reported to date have had 
their electrode pattern defined by standard photolithographic 
procedures and have been of a size suitable for coupling to a 
single-mode fiber; they have all been transit-time limited. It 
should be noted, however, that if the detector is either much 
larger, or employs highly submicron finger spacings, the ca- 
pacitance may become large enough to limit the speed. In the 

analysis presented below, we assume that this is not the case, 
and we examine the speed limitations imposed by the transit 
times of the photogenerated carriers. 

The carrier transit-time limitation is clearly demonstrated in 
Fig. 15. This compares the response of two detectors under 
identical conditions; one with 2 p m  electrode spacings and one 
with 3 pm spacings, both fabricated side-by-side on the same 
chip. The 3 pm spacing device is slower, giving a 54 ps pulse- 

width (FWHM) against 49 ps for the 2 pm device. This small 
fractional increase actually represents a significant decrease in 
the detector speed because the majority of the pulsewidth (some 
40 ps) is the finite system width-the exciting optical pulse 
width and the measurement system response width. 

In order to investigate the speed limitation imposed by the 
finite carrier transit times, the carrier motion must be modeled. 
The transit-time limited response of the surface illuminated 
p-i-n has been examined in some detail [47], [48]. Using the 
formulations developed for the p-i-n [( 1) in [47] and [48]] we 
can obtain an upper bound to the transit-time limited bandwidth 
of the MSM; this is equal to the bandwidth of the p-i-n for 
which the optical penetration depth is much greater than the 
thickness of the intrinsic region (in this p-i-n response model, 
the absorption is restricted to the intrinsic region, which is as- 
sumed depleted). The corresponding MSM is the one where the 
interdigital spacing is equal to the thickness of the p-i-n intrin- 
sic region. In Fig. 16(a) we plot the (3 dB, electrical power) 
bandwidth obtained as a function of this “electrode spacing;” 
an electron velocity of 7 X IO6 cm/s and a hole velocity of 5 

x lo6 cm/s was used. In Fig. 16(b) we graph the 3 dB R5&- 
limited bandwidth of the MSM’s shown in Fig. 3 as a function 
of the side length of the interdigitated area. A comparison of 
Fig. 16(a) and (b) confirms that the speed of a typical sized 
MSM into a moderate load impedance is limited by carrier 
transit times. 

The above transit-time analysis is for a “one-dimensional” 

detector. Other “one-dimensional MSM” calculations have 
been reported for GaAs devices, using both Monte Carlo and 
quantum mechanical approaches [49], as well as calculations 
which incorporate diffusion and recombination effects 1281. 
However, the thickness of the InGaAs in an MSM used in op- 
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Fig. 16. (a) Transit-time limited bandwidth of a one-dimensional detector, 
obtained by assuming uniform carrier generation between the electrodes, 
and electron and hole drift velocities of, respectively, 7 x IO6 cm/s and 
5 X lo6 cm/s.  (b) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARC limited bandwidth of MSM’s with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1, 2, and 3 pm 
interdigital spacings into 50 0,  plotted as a function of the side length of 
the interdigitated region. The solid line assumes a 1 pm electrode width 
and the dashed lines take a 0.5 p n  width. The plots correspond to the 
device capacitances graphed in Fig. 3. 

tical communications must generally be L 1 pm so that the layer 
absorbs a large fraction of the incident light and yields a high 
quantum efficiency (penetration lengths, 0.87 pm at 1.3 pm and 

1.47 pm at 1.55 pm). In this case, a one-dimensional calcula- 
tion is not sufficient for the typical MSM with a 1-3 pm finger 
spacing, and a two-dimensional calculation is required. 

The finite thickness of the InGaAs layer leads to curved car- 
rier paths which are longer than in the one-dimensional approx- 
imation. This results in longer transit times and a slower re- 
sponse. The speed of the detector is determined by the detector 
geometry and the applied bias. It is also a function of the inci- 
dent wavelength as this determines the vertical distribution of 
the camer generation. The wavelength dependence of the re- 
sponse has often been overlooked in examinations of the pulse 
response of the MSM. This dependence means that the pulse 

response and bandwidth determined at one wavelength will not 
generally be the same as that which occurs at another. The form 
of the enhancement barrier and the incident optical power level 
may also influence the speed of the detector. 

A model based on the two-dimensional drift of photogener- 
ated camers [50] gives a good description of the response for a 
typical InGaAs MSM under usual operating conditions. Carrier 
diffusion may be ignored at normal operating biases. The high 
crystal quality of the InAlAs-InGaAs detector also allows us to 
neglect recombination and charge trapping. The steady drift of 
camers along the field lines is expected to be a fairly good ap- 
proximation to the actual camer motion for devices with elec- 

trode spacings and an absorption layer thickness of 1 1  pm. 
Ballistic effects and camer scattering are expected to provide 
only a modest modification to this motion. Velocity overshoot 
may be ignored in devices with supra-pm dimensions [51]. 
Quantum mechanical effects are also presumed to be of minor 
significance. Additional speed limitations arising from electri- 
cal LCR parasitics may be added empirically using an appro- 
priate equivalent circuit model. 

Figs. 17-19 give the calculated transit-time limited response 
of typical InGaAs MSM detectors front-illuminated with 1.55 
pm wavelength light. The two-dimensional carrier drift is com- 
puted using the steady state field-dependent camer velocities 

t 

Time/ps 

semi-infinite InGaAs 
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Time/ps 

Fig. 17. Computed collection currents of “ 1  x 1 , ”  “1 X 2,”  and “1 X 

3” InGaAs MSM’s; for 1.55 pm front illumination, 10 V bias, and 
“semiinfinite” InGaAs. The separate electron and hole currents are also 
shown, dashed and dotted-dashed lines, respectively. 
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Fig. 18. Collection current in a “ 1  X I ”  InGaAs MSM with different 
absorption layer thicknesses. Again, for 1.55 pm light and 10 V bias. 

compiled in [47] and an initial photocarrier concentration de- 
termined by the optical penetration length. The applied bias is 
10 V and the InGaAs is assumed to be undoped. 

Fig. 17 shows how the “collection current” at the electrodes 

evolve with time after an optical impulse strikes the detector at 
t = 0. The response of MSM’s with “semiinfinite” InGaAs 
(i.e., thicker than a few optical penetration lengths) and 1, 2, 
and 3 pm electrode spacings are given. The separate electron 

and hole currents are also shown. What is most striking from 
these plots is the difference between the electron and hole col- 
lection currents. The electrons are collected quite quickly, by- 
and-large within the first 40 ps, while the holes are collected 
much more slowly; a peaked hole response occurs only for the 
1 pm spacing detector and the peak rapidly broadens as the elec- 
trode spacing increases so that the response is virtually flat out 
to beyond t = 100 ps in the 3 pm spacing detector. The reason 
for this is that the holes have a much lower velocity when the 
electric field strength is low, at E < 5 V/pm (Fig. 1 in [47]). 

1 
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Fig. 19. (a) Impulse response of “ I  X I , ”  “1  X zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2,”  and “ I  X 3” de- 
tectors with l pm thick InGaAs. For 1.55 pm light and 10 V bias. (b) 
Impulse response of the “ 1  X 1” device with different InGaAs layer thick- 
nesses. Again, for 1.55 pm light and 10 V bias. 

For the detector geometries and the applied bias in this exam- 
ple, the photogenerated holes penetrate regions of low electric 

field where they travel much more slowly. In contrast, the elec- 
trons in the same regions generally travel close to, or at, their 
saturation velocity. The lower saturation velocity of the holes 
in the high field regions also conspires to slow down the hole 

collection, though in comparison to the above this has only a 
minor effect. 

Practical detectors do not consist of a semiinfinite absorption 
layer, but rather a thin epilayer of InGaAs, typically 0.5-2 pm, 

grown on an InP substrate. The finite thickness of the InGaAs 
modifies the carrier paths. A fraction of the higher energy elec- 
trons will surmount the barrier provided by the conduction band 
offset and travel within the InP, although the electrostatic at- 
traction to the holes in the InGaAs will tend to limit their ex- 
cursion from the interface. However, the holes and the lower 
energy electrons will be more-or-less confined to the InGaAs by 
the band offset at the InGaAs-InP heterointerface. The impor- 
tant consequence of this is that the holes which would have 
penetrated deep into the InGaAs in a thicker device are now 
restricted to travel along the InGaAs-InP interface before re- 
turning into the bulk InGaAs on passage to the negatively biased 
electrode. This has the practical effect of eliminating the longest 

of the camer transit times. Fig. 18 shows a calculation of the 
collection current in detectors with a finite thickness of InGaAs. 
Carrier motion is approximated by assuming that neither the 
electrons nor holes can pass into the InP. As expected, we ob- 
serve that the tail of the “response” is reduced as the InGaAs 
thickness decreases. 

Although the “collection current” tells us much about the 
carrier dynamics within the MSM, it is not a direct measure of 
the photoresponse. This is given by the integrated displacement 
current density at the electrode contacts. We may calculate this 
from the motion of the photocarriers by using a conformal map- 
ping technique to transform the carrier motion in the interdigi- 

tated detector to that in a parallel plate geometry [26]; in this 
latter the displacement current may be evaluated easily [52]. 

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA21, NO. 3, MARCH 1991 

Impulse responses calculated from the transformed carrier mo- 
tions are given in Fig. 19. Fig. 19(a) shows how the response 

of the 1 pm InGaAs device varies with electrode spacing and 
Fig. 19(b) shows the dependence of the response of the ‘‘I X 

1” detector on the InGaAs thickness. The expected trends are 
observed. Increasing the electrode separation broadens the pulse 

response (the tails are again the result of the slow moving holes). 
Increasing the absorption layer thickness also broadens the re- 
sponse slightly, though the effect is minimal at > - 2 pm thick- 
ness, which might be expected from a consideration of the field 
profile and the initial carrier distribution; it is also less for de- 
vices with a larger interelectrode spacing because the fractional 
change of the camer motion is correspondingly smaller. 

As mentioned above, the response is expected to be a func- 
tion of the incident wavelength because this determines the dis- 
tribution of the initial carrier concentration. The extent of the 
wavelength dependence depends on how significantly the 
changing distribution of generated camers affects the overall 

camer paths, which is a function of the InGaAs thickness, the 
electrode spacing, and, to some extent, also of the electrode 
widths. Although the penetration of 1.3 and 1.55 pm light dif- 
fers by almost a factor of 2, the difference in the computed im- 
pulse response in typical detectors is fairly modest. For exam- 
ple, the computed pulsewidth of a “ I  X 1” detector with 2 pn  
of InGaAs is just - 3 ps narrower for 1.3 pm light than for 1.55 
pm light, and this difference decreases as the electrode spacing 

gets larger. For much shorter wavelengths, however, the optical 
penetration into the InGaAs is much shallower and the detector 
assumes a quasi-one-dimensional operation with a significantly 
faster response. For very thin InGaAs devices, the wavelength 

dependence also vanishes as carriers are generated more or less 
evenly across the absorption layer. We should note, however, 
that surface effects such as carrier trapping and recombination 
with possibly attendant current gain and noise, will tend to play 
an increased role. 

An experimental pulse response is given i! Fig. 20 (solid 
line). The device is a “1 X 2” InAlAs(500 A)-InGaAs (1.3 
pm) detector grown by low pressure OMCVD. No InAlAs- 

InGaAs interface grading was employed. The calculated re- 
sponse is also shown (dashed line), being a convolution of the 
computed impulse response and the measured system response 
( - 40 ps response width). The calculated impulse responses are 
in fairly good agreement with measured detector pulsewidths. 
Although a close comparison between experiment and theory is 
unfortunately not possible because the system width is a signif- 
icant fraction of the measured experimental pulsewidth, it does 

appear that the two-dimensional drift model used in the calcu- 
lation gives a reasonably accurate prediction of the MSM re- 
sponse. The variation of the response with the interdigital spac- 
ing and InGaAs layer thickness given in Fig. 19 may therefore 

be taken as a reasonably accurate design guide for actual detec- 
tor performance. 

The width and general form of the experimental response in 
Fig. 20 is in agreement with calculation. However, we do no- 
tice that the trailing edge of the experimental response, at around 
tFak + 50 ps, is somewhat raised in comparison with the theory. 
(The oscillations later are due to resonances associated with the 
measurement setup, and should be ignored). This is probably a 

consequence of camer pile up at the InAIAs-InGaAs heteroin- 
terface. Carrier pile up is a recognized problem in avalanche 
photodiodes [35], where holes confined by the heterointerface 
lead to a reduction in the bandwidth, and more recently in het- 
erostructure modulators [53], [54], where it also leads to a re- 
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Bias (V) Fig. 20. Comparison between an experimental pulse response (solid line) 
and a two-dimensional transit-time carrier drift model. The detector is a 
“1  X 2” device with 1 .3  pm of InGaAs and under 1 .3  pm wavelength 
front illumination. 

Fig. 21. Variation of the pulsewidth (FWHM) and fall time (90-10%) of 
a “1  x 2,” 1 .3  pm InGaAs, detector as a function of applied bias. InGaAs 
doping level, n - 8 X 10l4 C I I - ~ .  

duction in the modulation contrast. In the InAlAs-InGaAs 
MSM, the electrons may present the more serious problem, as 

they encounter a higher bamer potential, though hole “pile up” 
may be significant at higher biases when the larger hole effec- 
tive mass decreases their relative tunneling rate. Some evidence 
for carrier pile up is provided by the fact that a reduction in the 

trailing edge is observed when the device is heated [32]. We 
also note that the highest bandwidths reported to date [55] have 
been for a detector which incorporates a rather ‘‘leaky’’ strained 
layer of GaAs as the barrier enhancement layer. 

It should be possible to eliminate charge trapping completely 
by grading out &he InAlAs-InGaAs band offset using composi- 
tionally graded InGaAlAs without sacrificing the low dark cur- 
rent. There has been a report of a graded barrier device [22], 

though in this case a slow pulse response with a long tail portion 
was observed, presumably the result of somewhat poorer crystal 
quality; the leakage current in this case was also rather high. 
There has also been one report of an InAlAs-InGaAs device 

which uses a chirped InAlAs-InGaAs superlattice for bamer 
enhancement [ 171, but in this case the response also showed a 
long flat tail, extending to beyond 100 ps. This is possibly 
caused by the slow sweep out of camers across the bamers, or 
may be the result of camer trapping at the many interfaces 
present. 

We note that a significant bias must be applied to the MSM 
detector in order to obtain a fast response. As discussed above, 

this is because the applied field must both effectively deplete 
the InGaAs and then impose a field sufficient to provide high 
carrier drift velocities. Only when a bias sufficient for “com- 
plete” high velocity transport is applied can the full speed of 
the device be realized. Fig. 21 shows how the pulsewidth 
(FWHM) and fall time (90-10%) of a “1 X 2” detector de- 
creases as the applied bias is increased. The C-V plot for this 
device was similar to that shown in Fig. 6. 

The fact that the full speed potential of the MSM may not be 
realized until a significant bias is applied must be bome in mind 
when designing the device for high speed operation, and in par- 
ticular when considering its integration into a monolithic re- 
ceiver circuit with a single supply rail. A smaller interdigital 
spacing in conjunction with a thin InGaAs layer (and a lower 
background doping level) will reduce the bias required for high 
speed operation. 

The sensitivity of detector speed to regions of weak lateral 
electric field makes the bandwidth of the MSM more sensitive 
to high incident optical power levels than a comparable and 
similarly biased p-i-n. However, this may be offset by the fact 
that the illuminated area of the MSM can be much larger. A 10 
mW signal, delivered via a cleaved fiber to a typical device, 
will introduce local camer concentrations in the region of only 

the mid 10l6 ~ m - ~ ,  and this space charge level would not be 
expected to adversely affect photo-camer transport. Experi- 
mentally, we have detected no perceptible decrease in the pulse 
response width for incident power levels up to 1-2 mW, the 
highest powers we have investigated [32]. 

For many applications, in particular analogue systems, the 
bandwidth of the photodetector is a crucial parameter. For a 
p-i-n diode analytic expressions are readily available and the 
bandwidth may be calculated directly. For the MSM detector, 
however, the frequency response must be obtained by numeri- 
cally transforming the computed impulse response, 

The 3 dB point (photocurrent down by J 2 )  calculated for the 
“ 1  x 1 , ”  “1 X 2,” and “ 1  X 3” detector responses shown 
in Fig. 19(a) are given in Fig. 22(a). The estimated uncertainty 
is f l  GHz. The bandwidths of the “1 x 1” detector pulses 

shown as a function of InGaAs thickness in Fig. 19(b), are given 
in Fig. 22(b). 

Of particular interest in the design of a photoreceiver is the 
trade off which occurs between speed and efficiency. This has 
been extensively examined for the p-i-n diode [47], where the 
intrinsic layer thickness determines both the quantum efficiency 
and the maximum (transit-time limited) bandwidth; to obtain 
this maximum speed the detector area must simply be made 

small enough to ensure capacitive effects are negligible-fab- 
rication and light-coupling permitting. For the MSM detector, 
we have the additional parameters of the electrode finger widths 
and spacings. As seen from the above discussion, the finger 
spacing is the parameter which largely determines the response 
speed, influenced to a degree by the absorption layer thickness, 
while the absorption layer thickness and the finger spacing-fin- 
ger width ratio determine the quantum efficiency. The area of 

the detector is almost irrelevant as only very large devices or 
ones with closely spaced fingers will have a capacitance large 
enough to limit the bandwidth, and the large area makes high 
efficiency fiber-coupling simple. 

In Fig. 23 we plot the 3 dB bandwidths computed for “1 
x 1,” “1 x 2,” and “1 x 3” detectors against their extemal 
quantum efficiency for 1.55 pm front illumination. The detectors 
are assumed AR coated. The solid lines are for devices with 1 
pm electrodes and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdashed lines are for 0.5 pm wide fingers, 
assuming that the change in the bandwidth is negligible. 

It is clear from Fig. 23 that in order to attain the highest 
bandwidths both a narrow spacing and a thin absorption layer 
are required. However, both these demands (for a constant fin- 
ger width) reduce the quantum efficiency. A bandwidth of > 18 
GHz appears attainable in a 1 pm finger detector, but only at a 
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Fig. 22. (a) Bandwidth of the “ 1  x I , ”  “1  X 2,” and “1  x 3” 1 pm 
InGaAs detectors examined in Fig. 19(a); (b) bandwidth of the “ 1  x 1” 
MSM as a function of InGaAs layer thickness, as examined in Fig. 19(b). 
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Fig. 23. Trade off between efficiency and bandwidth for the InGaAs MSM. 
The lines drawn link detectors with the same InGaAs layer thickness 0.5, 
1 ,  2, and 3 pm. The solid lines are for detectors with 1 pm wide fingers, 
and dashed lines for those with 0.5 pm fingers (assuming no change in the 
bandwidth). The evaluated points are for detectors with 1 ,  2, and 3 pm 
interdigital spacings. 

quantum efficiency of < 20%. On the other hand, an efficiency 
of >70% is possible, together with a bandwidth of - 12 GHz, 

if a thick InGaAs layer is used. For this detector, the quantum 
efficiency is only limited by the fraction of the device area 
blocked by the electrodes and a significant increase in the effi- 
ciency appears possible, at only a moderate cost to the band- 

width, with the use of somewhat narrower fingers and wider 
electrode spacings. For example, a “0.3 x 4” detector would 
have a quantum efficiencies of 93% and might be expected to 
have a bandwidth approaching 10 GHz. The individual require- 

ments of the particular receiver will determine whether a high 
quantum efficiency or the highest bandwidth is more desirable. 

To date, most device results have been reported as pulse re- 
sponse measurements. An evaluation of the associated band- 

width may be made from the pulse response by deconvolving 
the system response and transforming to the frequency domain. 
However, we note that this deconvolution must be done nu- 
merically, using the system response measured with a very fast 

characterized detector mounted in a similar fashion to the de- 
tector, and the result then numerically Fourier transformed to 
obtain the frequency response. Simply assuming a Gaussian de- 
tector and system response (which, from the typical pulse re- 
sponse, is very clearly quite inappropriate) generally leads to a 
gross over-estimate of the detector bandwidth. 

A numerical deconvolution of the system response for the 
experimental result in Fig. 20, and for the responses of devices 

with different finger spacings, indicates experimental band- 
widths of 2-4 GHz less than those predicted by the transit-time 
limited theory. Although these precise figures should be treated 
with some caution (the system width is 70-80% of the measured 

response), they do indicate that improvements in device speed 
are still possible. This will most likely be achieved by grading 
out the conduction and valence band off sets at the InAlAs- 
InGaAs interface, as discussed above. 

Finally, we note that it is tempting to suggest the use of the 
electron velocity peak at fields of -0.2-2 V/pm to obtain a 
fast pulse response [56]. However, the slower velocity of the 
holes at these field strengths leads to a very broad hole pulse 
and will limit the available bandwidth. On the other hand, the 
use of electron overshoot [51] in “thin” detectors with highly 
sub-pm finger spacings, where the time of flight is on the scale 
of the energy relaxation time (-0.2 ps), may be a useful way 
of increasing the response speed [57]. 

VIII. INTEGRATING THE MSM 

As mentioned in the introduction, one of the main driving 
forces behind the development of the MSM detector is its ease 
of integration with other components into monolithic receiver 

circuits. Integration of electronic and optical components to 
form optoelectronic integrated circuits (OEIC’s) and the inte- 
gration of several optical components together into what has 
recently been termed “photonic integrated circuits” (PIC’S) is 

expected to produce small-size high performance optoelectronic 
subsystems which have both high reliability and low unit cost. 
This was the same motivation that spurred the development of 
integrated electronics. In the case of OEIC’s and PIC’S, how- 
ever, there is the additional formidable challenge of integrating 
very diverse components, all with different material and pro- 
cessing requirements [%], [59]. Two examples of the sort of 
integrated multifunctional subsystem envisaged are illustrated 
in Fig. 24. The components in these two examples range from 
optical waveguides, waveguide-couplers, and tunable filters, 
through photodetectors, to transistors and other electronic com- 
ponents. It is a difficult task to integrate these very dissimilar 

components, especially if they are nonplanar, without compro- 
mising the individual performance of each. Great strides are 
being made, however; for example in the realization of a bal- 
anced receiver chip for coherent systems application [60], [61]. 

It is precisely for these forms of highly complex multifunctional 
circuits that the MSM detector, with its planar electrodes and 
simplicity of fabrication, is highly suited. The incorporation of 
the MSM into an OEIC or PIC would be expected to place min- 
imal design restrictions on the other components in the circuit 
and the MSM is thus an ideal choice for photodetector. Re- 
cently, there has been significant progress made on the integra- 
tion of the InGaAs MSM with both optical waveguides, on the 
“up-stream” side, and with transistors to form receiver circuits 
on the “down-stream’’ side. 

Two InP based waveguide-integrated MSM detectors which 
have been investigated are shown in Fig. 25 [62]-[65]. In one, 
the detector sits on top of the guide and light couples up into it 
from the guided wave passing beneath [62], [63], [65]. In the 
other, the guided light “butt-couples’’ into the side of the de- 
tector absorption region from the end of the waveguide [@], 
[65]. In both cases the efficiency of the light detection was high, 
some 80-90%. A maximum of 100% external efficiency is the- 
oretically possible because the electrodes no longer block any 
of the incident light. The loss of 10-20% in these cases was 
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Fig. 24. Two proposed monolithically integrated circuits. (a) A polariza- 
tion diversity receiver, integrating polarization splitters and local oscillator 
coupling waveguides with balanced detector receiver circuits. (b) A wave- 
length selective receiver tap for wavelength multiplexed systems. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
due to “parasitic” effects which could be largely eliminated by 
careful design. There has also been a recent report of an MSM 
quantum-well waveguide detector grown on GaAs [66], which 
uses an InGaAs-GaAs strained-layer quantum well to operate 

at - 1.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApm wavelength. 
The “vertically-coupled’’ MSM detector may be designed to 

absorb only a small fraction of the guided light; in such a con- 
figuration it acts as an “optical tap” and may be used to mon- 

itor the power in the waveguide, or for signal recognition, rout- 
ing or otherwise processing the guided light signal further down 
stream. The same geometry may also be used as a terminating 
detector. In this case, the device might have to be more than a 
hundred pm long in order to absorb all the guided wave power, 
and low capacitance of the MSM detector would be of particular 
advantage as there will be no attendant loss of bandwidth and 
negligible additional noise. 

In the “butt-coupled’’ geometry, all the guided light is ab- 
sorbed in a few pm length of the InGaAs, almost independent 
of the waveguide structure. Only a short terminating detector is 
thus required. This type of detector is necessary when the guide 

structure is incompatible with vertically-coupled detection; for 
example where the guided mode must be tightly confined within 
the guiding core. Regrowth of either the waveguide or the pho- 
todetector, or growth on a patterned substrate is required [in 
[64] and Fig. 25(b) the waveguide was regrown] but this may 
be combined with the regrowth step often required in receiver 
fabrication (see below). Indeed, some waveguides require a two- 
stage growth anyway; e.g., in the case where a polarization 

insensitive grating coupler is incorporated into a waveguide 
structure. The resultant planarity of the guide and butt-coupled 
MSM, with its planar top contacts, facilitates tight dimensional 
control in the subsequent processing and thus presents a surface 
structure which is very well suited for further levels of integra- 
tion. 
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Fig. 25. MSM detector integrated with InP based waveguides: (a) vertical- 
coupling geometry, where the detector sits on top of the waveguide. This 
structure involves a single growth. (b) Butt-coupled waveguide detector. 
Regrowth is required. Also, an SEM micrograph of the cross section through 
the detector-waveguide interface in such a device. In this case the mesa- 
etched detector was masked and the waveguide was regrown. 

One disadvantage of the MSM when used as a waveguide 
detector which must be recognized, however, is that camer 
generation now also occurs under the electrodes and, as dis- 
cussed in the previous section, this leads to a slower pulse re- 
sponse, comparable with that of the back-illuminated discrete 

device. The reduction in speed, however, may only be rela- 
tively modest, especially if sub-pm electrode fingers are used, 
and calculations indicate that bandwidths of 5-10 GHz should 
be realizable using a “conventional” structure. A bandwidth of 

2.7 GHz has already been demonstrated [MI, limited in that 
case by camer diffusion effects and some carrier pile-up, both 
of which might be eliminated by careful design. Higher speeds, 
approaching 10-15 GHz, should be attainable if a thinner ab- 
sorption layer is used in conjunction with slightly sub-pm elec- 
trodes. These bandwidths are also possible in the “vertically 
coupled’ ’ scheme, or in a hybrid butt-coupling-vertical-cou- 
pling scheme where a thin butt-coupled detector is grown on 

top of a quasi-guiding layer [65]. 
On the receiver side, there has been much research reported 

recently on the integration of InGaAs MSM detectors with 
FET’s to form high performance monolithic receivers [67]-[70]. 
The most complex circuit reported to date [68] comprised an 
MSM-HEMT preamplifier, a HEMT cascode amplifier, 
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Fig. 26. Diagram of the device structures of the OElC in [67], which em- 
ploys growth on a pattemed substrate. 

Schottky level shifting diodes, and a HEMT output impedance 
driver- 14 components in all-in a transimpedance amplifier 
formed on a 0.7 mm X 0.6 mm chip. The InAIAs-InGaAs MSM 
diodes in this circuit were similar to those discussed in the pre- 
vious sections and the HEMT’s employed a conventional mod- 
ulation doped InAlAs-InGaAs device structure. 

Two approaches for MSM-HEMT integration are being fol- 
lowed. In the circuit mentioned above [68] the device layers 
were grown on a prepattemed substrate. A single growth of the 
HEMT layers and the MSM layers on top was then followed by 

removal of the uppermost MSM layers from most of the chip 
area, which left the detector structure only where there had been 
a well previously etched in the substrate. The resulting quasi- 
planar structure was amenable to the fine lithography required 
in the subsequent processing stages. Ion-milled trenches pro- 
vided device isolation. A cross section of the resulting struc- 
ture, showing the MSM, HEMT, and a diode is shown in Fig. 
26. 

The integrated detectors displayed a low leakage current ( -  1 
mA/cm2 Schottky electrode metal at the operating biases) and 
the HEMT’s had both a high transconductance (260 mS/mm at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Vgs = -1 V) and a high drain saturation current (0.5 A/”, 

1.3 pm wide gates). An amplifier open loop gain of 5.7 was 
obtained. 

In an alternative approach, the HEMT layers are grown on 
top of the MSM in a single growth on a planar substrate [69], 
[70]. The resulting structure is illustrated in Fig. 27. The thin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( < O .  15 pm) HEMT structure maintains a quasi-planar surface 
and permits fine tolerance lithographic processing of the circuit 
elements. This considerably simplifies the circuit fabrication 

procedure. 
The two circuits reported to date [69], [70] used the MSM 

barrier enhancement layer to isolate the HEMT from the MSM, 
and also for HEMT-HEMT isolation. In [69], a 200 nm Fe- 
doped InP was used for the bamer enhancement layer (Fe ac- 
ceptor levels pin the Fermi level at about midgap) and in [70], 
150 nm of lattice-matched InAlAs, followed by 200 nm of 
InAlGaAs grading to InGaAs. In both cases quite low leakage 

currents of - 10 mA/cm2 were obtained at operating biases, 
and some gain was recorded at the higher biases. Detector pulse 
widths were somewhat longer than obtained in the comparable 
InAlAs-InGaAs detectors considered earlier, probably a con- 
sequence of some camer pileup. In the InP : Fe device there was 
also apparently significant charge trapping, evidenced by the 
presence of a pronounced tail. The MBE grown InAIAs-In- 
GaAs MSM-HEMT circuit in [70] comprised an 1 1  component 
transimpedance amplifier with 1 pm gate HEMT’s (316 mS/mm 
maximum transconductance, f, = 30 GHz), and gave a clean 
eye diagram at 2 Gbit/s. 

t 
t 
t 

s.i. InP 

HEMT layers 

MSM layers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 Ohmic metal Schottky metal Dielectric passivation 

and AR coating 

USM barrier enhancement 
and device isolation layer 

Fig 27. Device structures in a quasi-planar approach, with the HEMT 
layers grown on the MSM structure in a single growth on a planar substrate 
(After 1691). 

IX. CONCLUSION 

The development of the InGaAs MSM detector has pro- 
ceeded rapidly over the last couple of years, spurred on by the 
widely accepted need to realize monolithically integrated re- 
ceivers operating in the 1.3 and 1.5 pm long wavelength fiber 
bands. In this paper we have shown how the Schottky bamer 
MSM offers the unique combination of planarity, simplicity of 
fabrication, ease of integration, low capacitance and high speed, 
making it a very good choice for the front end detector in such 
a receiver. 

The capacitance and current characteristic of the MSM have 
been considered, and the quantum efficiency and speed of the 

InGaAs MSM at long wavelengths have been discussed in some 
detail. Practical device results for InAlAs barrier enhanced 
InGaAs MSMs grown by low pressure OMCVD have been pre- 
sented. The high performance results which we have illus- 

trated-low leakage, low gain, low noise, and speeds close to 
the theoretical limits-indicate that the development of this par- 
ticular device is now sufficiently advanced for it to be integrated 
into high performance monolithic receivers. Current progress 

on such integration has been discussed. Whatever the particular 
technology that finally becomes established for raising the ef- 
fective Schottky barrier on InGaAs MSM detectors, this barrier- 
enhancement device promises to be a photodetector of great im- 
portance for long wavelength communications. 
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