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METAL SEMICONDUCTOR METAL
PHOTODETECTORS

The two-terminal device discussed here converts optical
power into an electric current. This basic photodetector,
which is mainly based on an interdigitated electrode struc-
ture, benefits from a simple fabrication process. It can offer
a large photosensitive surface area and leads to high speed
performance. This article describes the basic physical mecha-
nisms of this device, the material used in its fabrication and
technology, and its main performance.

The metal-semiconductor—-metal (MSM) photodetector is
one of the solid-state photodetectors fabricated on semicon-
ductor slices. The general principle of photodetection in semi-
conductor material is to collect electron-hole pairs that have
been generated by light absorption. The main condition for
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Figure 1. Typical structure of metal-semiconductor—metal photo-
diode.

this absorption is

hv > E,

where v is the optical wave frequency, 4 the Planck constant,
and E, the semiconductor energy bandgap. Once photogener-
ated, the carriers move to the photodetector electrodes by dif-
fusion or conduction. The PIN, Avalanche, and MSM photodi-
odes use a depleted zone where a high electric field separates
photocarriers and drives them as quickly as possible to the
electrodes. The MSM photodiode consists of two metallic
Schottky contacts deposited on a low-doped absorbing semi-
conductor material. Usually, the structure is planar and the
two contacts take the form of interdigitated fingers, as pre-
sented in Figure 1 (it can be top, back, or side illuminated).
This type of design allows for a large photosensitive surface
area, while keeping a short distance between the fingers. In-
deed, this type of photodetector is generally intended to work
under very short light pulses (some picoseconds or even
smaller) or with high-frequency—modulated light signals (up
to several tens of gigahertz). Moreover, the number of techno-
logical steps needed to make such a photodetector is small. In
some cases, only the Schottky contact deposition by electron
beam evaporation is needed to make the photodetector. These
features make this photodetector particularly attractive for
monolithic integration with microelectronic devices, for exam-
ple, amplifiers, to constitute receivers. This device is interest-
ing for a large range of applications, such as high data bit
rate fiber-optic receivers in the field of optical telecommunica-
tions (short or long distance), optical interconnects, or high-
speed optical sampling.

MSM photodetector performance depends on the depleted
zone extension, the electric field strength in the different re-
gions of the semiconductor, and the dark current. Moreover,
as for all other photodetectors, the different device properties
to be considered are responsivity, bandwidth, and noise. We
will first consider the essentials to understanding the total
behavior of this photodetector. So, we look at the current-volt-
age characteristic in darkness in relation to the depletion re-
gion extension; then we present an overview of the properties
due to the planar interdigitated structure, particularly the
carrier paths between the electrodes and the electric field dis-
tribution. In this way, we examine the carrier transit time
distribution inside the photodetector. Then we present an
overview of the different fundamental sources of the dark cur-
rent. This first part concludes with a short paragraph on the
optimum bias voltage of the MSM.

The second part of this article is devoted to semiconductor
epitaxial structure and device features. After the description
of the whole epitaxial structure in the different material sys-

tems used to fabricate MSM photodetectors, we analyze their
responsivity for various illumination conditions, the uninten-
tional gain observed in this device (like in photoconductors),
the different phenomena that limit the bandwidth, the source
of the dominant noise, and some scaling rules. For each pa-
rameter, experimental results reflect the typical characteris-
tics obtained in each material system.

Finally, we briefly introduce some types of integrated
devices in which the MSM photodiode is the key element, that
is, electrooptic sampling cells and monolithic integrated re-
ceivers.

PRINCIPLES

Metal-Semiconductor-Metal Photodiode
Without lllumination Versus Bias Voltage

Let us consider two metallic Schottky contacts on a uniformly
low or unintentionally doped n-type semiconductor. The en-
ergy-band diagram of this structure at thermodynamic equi-
librium, presented in Fig. 2, shows the two depletion regions
(width W, and W,, respectively) inherent to the metal-semi-
conductor junctions. Each depletion region space charge is
due to the ionized donor atoms whose electrons now act as
surface charge at the metal-semiconductor interfaces. ¢y,
and ¢, are the work functions of metal 1 and 2, respectively,
x is the semiconductor electron affinity, and E; is the Fermi
level. The potentials across these two depleted zones are Vy;
and V), built-in potentials of the contacts. This whole struc-
ture is equivalent to two Schottky barriers connected back to
back. Their barrier height is ¢,;, ¢n. for electrons, and (¢,; +
Vi), (¢ + Vi) for holes. We have (1):

Pa12=Pm1.2 — X (D
and

P12 =Eg — (P12 — X) (2)
At thermodynamic equilibrium, the summation of all currents
due to carrier transport through barriers is equal to zero.

When a voltage is applied, the dark current of the structure
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Figure 2. Energy-band diagram of an MSM structure at thermody-

namic equilibrium; the semiconductor is n-type, unintentionally or
low doped.
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Figure 3. Energy-band diagram of a biased MSM structure with
electric field and charge density distributions; the applied voltage is
V=V, +V, V< Vg

is due to carriers passing through the metal-semiconductor
interfaces. Considering the energy-band diagram of the bi-
ased structure presented in Fig. 3, for equal contact surface
areas, and neglecting the recombination processes inside the
neutral zone between the two depletion regions, we have:

Jo1 =ne (3)
oy =g 4)

and
Tgare = In +Jp (5)

As a consequence, contact 1 is reverse biased (potential V;)
while contact 2 is forward biased (potential V), with

V:V1 +V2 (6)

The electron current is limited by the first contact while the
hole current is limited by the second. These limitations de-
pend on the transport process through the barriers. Following
the analysis presented in Ref. 2, whether this transport pro-
cess is due to thermionic emission or tunneling effect (as-
sisted or not), there are two noteworthy bias voltages for this
structure (Fig. 4).

The read-through voltage Vgr, when the semiconductor
(width L) is just fully depleted,

W, +W, =L

and the flat-band voltage Vg (Fig. 4), corresponding to the re-
lations
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W,=LandW, =0

Knowing that:
[2¢5(V,1 + V1)
W, = | —2 =~ 7
1 o, @)
and

26 Vo —V5)
W, = lind (8)

where ¢, is the semiconductor permittivity and N, its doping

level, we obtain

gN,L*
2¢,

Vg = = Vi1 + Ve 9

Vir is close to Vi (2). For bias voltage lower than Vyy, the
holes injected through contact 2 diffuse in the neutral region
between the two depleted zones and some of them recombine.
Increasing bias voltage results in a decrease of the neutral
region width and so of the recombinations. Consequently, the
dark current increases quickly. Above Vgr, almost all injected
carriers at one electrode are collected at the other. The in-
crease of dark current with bias voltage is slower. It depends
on the nature of the transport process through Schottky barri-
ers and on the electric field at each contact. Generally, for
V > Vi, the electric field increases in the device and particu-
larly near electrode 1 (the cathode). If it is sufficiently high,
tunneling or impact ionization probability increases sharply
at this place; the breakdown process occurs and the dark cur-
rent increases very quickly with bias voltage. The typical I-V
characteristic of a GaAs MSM photodiode with low dark cur-
rent is reported in Fig. 5. We will complete this brief analysis
by a review of the different transport processes reported in
MSM photodiodes. But any analysis of the MSM-I-V charac-
teristic cannot be carried out without considering the specific
problems due to its planar structure.

Specific Properties Due to Planar Structure

For a bias voltage higher than the flat-band voltage, the elec-
tric field distribution in the semiconductor between two fin-

_Em1 —Em1

Figure 4. Energy-band diagrams of a biased MSM structure with
electric field for applied voltages of Vir and Vig.
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Figure 5. Measured dark current voltage characteristic of a GaAs
MSM photodetector.

gers, calculated by bidimensional Poisson equation solution,
is similar to the one presented in Fig. 6. This calculation is
made for a GaAs doping level of 10 em™3. There are two elec-
tric field maxima at the contact edges. This bidimensional ef-
fect becomes three dimensional at the tip of each finger (Fig.
7). As a result of this particular electric field distribution,
breakdown will occur first

+ At the finger tips

* Near the semiconductor surface between two finger
edges.

In order to avoid parasitic breakdown located at the finger
tips, the common method is to set a distance S’ between the
two metallic electrodes larger than the electrode spacing S,
as shown in Fig. 7. This solution appears clearly in Refs. 3 to
5. It is also possible to round the finger tips, as reported, for
example, in Ref. 6, or to design a specific finger form without
corners (7). Anyway, the effect due to finger edges cannot be
avoided, and the main part of the dark current will flow near
the semiconductor surface between two different fingers. The
electric field is high (approximately 20 kV/cm in our example)

(kV/cm)
—100

Figure 6. Electric field distribution in a GaAs MSM photodetector
between two fingers. In this example, electrode spacing and finger
width are 2 um, absorbing layer is 3.5 um thick and the bias voltage
8 V.
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Figure 7. Two-dimensional and 3d corner effects in interdigitated
structure. S is the electrode spacing, D the finger width, and S’ the
electrode distance.

in the vicinity of the semiconductor surface and the deeper
we go in the semiconductor, the weaker the electric field is.
The field lines (perpendicular to the equipotential lines) of the
modeled structure presented in Fig. 8 illustrate the carrier
paths between fingers. Obviously, the deeper the carrier’s lo-
cation, the longer the distance it has to cover to join the elec-
trode, and since its velocity is electric field dependent, the
longer the time to be collected by the electrode. For example,
supposing electron—hole pair photogeneration along the O—y
line of Fig. 8, the transit time needed for an electron or hole
to join the electrodes is plotted in Fig. 9 versus the depth at
which it has been photocreated. The electron and hole field-
dependent velocity in GaAs used for this calculation is from
(8). Compared to carriers generated near the semiconductor
surface, those generated at 2 um depth have a transit time to
electrodes 5 times and 3 times greater for, holes and elec-
trons, respectively.

Analysis of Dark Current

The MSM photodetector dark current has to be as small as
possible in order to reduce excess noise in the optoelectronic
receiver and, consequently, to lower the minimum detectable

Figure 8. Example of field lines in a GaAs MSM photodetector. The
simulated zone is that of Fig. 1. The arrows indicate the direction of
electron transport on each line. O—y line is used in the following fig-
ure. P is the Period, S the electrode Spacing and D the finger Width.
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Figure 9. Required transit time for electrons and holes photogener-
ated at a certain depth on the O—y line of Fig. 8 to join the electrode.

power (9). More generally, this current depends strongly on
the shape of the potential barrier at electrodes under bias.
The different mechanisms that can occur in these conditions
are (1,10):

1. Emission over the Schottky barrier (thermionic emis-
sion process)

2. Tunneling and thermionic field emission

3. Thermal generation of carriers in the depleted zone or
in the neutral region and, in case of defects inducing
states in the forbidden bandgap, mainly:

1. Carrier generation assisted by states within the for-
bidden bandgap

2. Tunneling through the metal-semiconductor barrier
assisted by states in the forbidden bandgap

Assuming at first that the material is lattice matched and
without defects inducing states in the forbidden bandgap, we
are limited to the three first mechanisms. Assuming also that
there is no unintentional thin insulating layer between the
semiconductor and the electrode and that the material doping
level is low, the thermionic emission process dominates over
tunneling processes due to the strong dependence of the tun-
neling probability on doping level; moreover, it dominates
over thermal generation processes because the material resis-
tivity is high. This predominant process is the dark current
limiting factor. If V3 is the breakdown voltage, for Vi < V <
Vs, following the analysis of Sze et al. (2), we have:

« q(Pp1 — Adyy) .
Ik = [AnT2 - exp [-%} +AT?

A($ps — Adyy) av
o[ || 1o (<7 )

where A}, are the effective Richardson constants for electrons
and holes, T is the absolute temperature, and A¢,;,, are the
barrier lowering values due to the image force effect. This
barrier lowering depends on the electric field E,,, ; at each con-

tact (1)
qE,,; »
Afn1p2 = \ 47'rme

(10)

11
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which explains the slow increase of the dark current with bias
voltage. The dark current is due to electrons emitted at the
cathode (J,;) and to holes emitted at the anode (J,,) (Fig. 3).
It depends essentially on the barrier heights at the two con-
tacts. For example, in the case of MSM photodiodes fabricated
on a low-doped GaAs layer, if the electrodes 1 and 2 are made
of the same metal, we have:

Gp1+ Ppy =Eg =142V (12)
So, a Schottky barrier lower than E,/2 = 0.71 eV makes the
electron current predominant by increasing the probability of
electron transport over the barrier of the contact 1, while a
barrier higher than 0.71 eV makes the hole current predomi-
nant by increasing the hole emission at the contact 2. As a
result, as shown by Wada & al and as presented in Fig. 10,
the tungsten Silicide WSi, is the most suitable contact to de-
crease the GaAs MSM photodiode dark current because its
barrier height is near 0.71 eV. Such a study has been con-
firmed by Koscielniak et al. (11). By the same way of analysis,
an interesting solution to decrease the dark current consists
in the deposition of an electrode metal with a high electron
barrier at the cathode and another one, with a high hole bar-
rier, at the anode. Such an approach has been successfully
applied by Wohlmuth et al. in the case of InGaAs/AllnAs
MSM photodiodes with Pt/Ti/Pt/Au and Ti/Au for the cathode
and anode metalizations, respectively. The dark current of
this assymetric structure was 0.2 nA at 5 V (10).

These results demonstrate the existence of a dominant
thermionic process, but the other mechanisms can become
dominant, depending on the perturbation of the metal-semi-
conductor interface during the technological process. All phe-
nomena leading to hole accumulation in the vicinity of the
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Figure 10. Dark current versus metal-semiconductor energy barrier
for a biased GaAs MSM structure. This curve is reprinted from Wada
et al. (Ref. 6) with permission of IEEE Journal of Quantum Elec-
tronics.
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cathode, or electron accumulation near the anode, will modify
the energy band structure at the interfaces and increase the
tunneling probability at these electrodes. Within this context,
electron tunneling assisted by hole accumulation in a thin na-
tive insulating layer between metal and semiconductor
(GaAs) has been reported by Sugeta et al. (12), and hole tun-
neling due to electron accumulation in a hollow conduction
band in the bidimensional potential distribution has been
suggested by Wada et al. (6).

Tunneling assisted by deep levels inside the forbidden ban-
dgap has also been reported by Wehmann et al. (13) in the
specific case of heteroepitaxy of InGaAs on silicon.

Finally, a review of the dark current problems must men-
tion the gain phenomena (see section on gain). Moreover, like
most micro- and optoelectronic devices, an MSM photodetec-
tor has to be carefully passivated. Usually, the thickness of
the dielectric layer used (SiO, or SizN,) is chosen to act also
as an antireflection coating (6,14). This insulating layer can
be deposited

1. Above the fingers and the pads
2. Above the fingers and under the pads
3. Under the fingers and the pads

The two last solutions need comment. The dielectric insulat-
ing layer under pads as well as fingers is used as a barrier
enhancement layer, to decrease the dark current (15), and to
avoid photocurrent gain due to surface states (see section on
gain). But in most cases, the barrier enhancement layer is a
large bandgap lattice matched or mismatched semiconductor
epilayer. Insulating only under the pads leads to a decrease
of the dark current (16,17) and also to a decrease of the photo-
detector parasitic capacitance (18). This solution has been
adopted mainly when the photodiode is integrated in a copla-
nar microwave line (9).

Optimum Bias Conditions of MSM Photodetector

From the above descriptions, we can conclude that the electric
field has to be sufficiently high to allow the quick collection of
photogenerated carriers. Because of the specific bidimensional
distribution, this requires a high bias voltage, particularly for
large interelectrode spacing. Moreover, because the dark cur-
rent has to be kept as low as possible, we must avoid break-
down conditions. This leads to

Ve <V <Vj

But an optimum bias voltage can be difficult to find since the
electric field distribution is not homogeneous and the edge
effect can lead to breakdown while the electric field is still
small in the electrode gap. The larger the interelectrode spac-
ing, the higher the difference between the electric field in the
gap and those at finger edge. This makes the small interelec-
trode spacing interesting.

EPITAXIAL STRUCTURE AND DEVICE PROPERTIES

Material Systems

Obviously, the MSM photodetector epitaxial structure is de-
signed starting from the absorbing layer whose gap is small

Barrier enhancement layer
A

Transition layer

Absorbing layer

Buffer layer or adaptation layer

Substrate

\/\/

Figure 11. Whole MSM photodetector epitaxial structure.

enough to absorb at the wavelength of operation. The succes-
sive structure evolutions have led to the whole epitaxial
structure presented in Fig. 11. This structure is the most that
can be encountered; usually all epilayers are not required or
used.

The different absorbing materials already used are pre-
sented in the Table 1 with the corresponding enhancement
barrier and transition epilayers. If the Schottky barrier ob-
tained by direct metal deposition on the absorbing epilayer
is sufficiently high to induce low dark current (some tens of
nanoamperes at 5 or 10 V bias voltage), the MSM photodetec-
tor structure is reduced to its simplest form (i.e., two Schottky
contacts on an absorbing layer). This is, for example, the case
in GaAs MSM photodetectors, as already explained in the
previous section. But in the (1.0 to 1.6 wm) wavelength do-
main, the Schottky barrier obtained on N-Gags;Ing As is low,
near 0.2 eV (40), which compels introduction of a large-gap
enhancement-barrier layer. This layer has been grown in lat-
tice-mismatched GaAs, AlGaAs, InP-GalnP, or in lattice-
matched Fe:InP, P+ GalnAs, AljsIngsAs. Its thickness is a
few hundred angstroms. The enhancement-barrier epilayer
has also been introduced on GaAs (often in lattice-matched
AlGaAs) in order to reduce the dark current and to improve
the photodetector reliability (32). Furthermore, in the case of
the GaAs-based photodiode, a large-gap bottom insulating
layer can be used to limit the absorbing layer thickness and,
consequently, to decrease the transit time of photogenerated
carriers (Fig. 9). In the case of silicon, this insulating layer is
silicon dioxide and the photodetector is then directly fabri-
cated on commercially available SIMOX (separation by im-
planted oxygen) wafer (35,37). It is also possible to use sap-
phire substrate (34). The heterointerface between the
absorbing layer and the enhancement-barrier layer leads to
electron and hole pile-up with recombinations, a phenomenon
which decreases the responsivity as well as the bandwidth.
This is why a transition layer, a compositionally graded layer
or a graded superlattice, is sometimes added. The impact of
this layer on the photodetector dynamic behavior will be con-
sidered later. In order to demonstrate the state of the art,
we sum up in Table 2 some typical realizations with their
metallization and dark current. This table demonstrates the
possibility obtaining dark current of a few nanoamperes or
even less than 1 nA in each wavelength domain for an MSM
photodetector active area, allowing the absorption of the
whole light beam issued from a fiber. The active area is indi-
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Table 1. MSM Photodetector Epitaxial Structure (The Heteroepitaxial Structures on Silicon Substrate Are Not in This Table)

Absorbing
Wavelength Material Substrate Enhancement-barrier Layer Transition Layer
Ultraviolet A < 0.3 um GaN Saphire —
SiC SiC -(33)
A< 1.1um Si Si -(34-37)
A < 0.87 um GaAs GaAs -(6,9)
AlGaAs (4, 18, 19, 20) —
GalnP (21) —
Long wavelength Gagsslng As InP Al 4eIng5As (22, 23) In(GaAl)As graded (16, 23, 28)
1.0 um < A < 1.6 um AllnAs-GalnAs GSL (28, 29)
P+ GagsslngAs (31)
Fe:InP (7)
GaAs * (24)
InP-GalnP * (25)
AlGaAs * (26)
Far infrared HgCdTe GaAs* CdTe (27)
A > 1.3 um GaSb GaSb AlGaSb (30)

*Lattice mismatched GSL: graded superlattice

cated even if we have to keep in mind that the dark current
is correlated with the contact area value. In most commonly
reported designs, this later value is close to the half of the
active area value. MSM photodiodes with transparent elec-
trodes have been included. We did not introduce the GalnAs-
based devices heteroepitaxially grown on Si or on GaAs sub-
strate. By using these growth techniques, high responsivity
(1.0 to 1.6 um) wavelength photodetectors whose fabrication
is compatible with GaAs or Si founderies were obtained
(43,44).

Illumination Conditions and Responsivity

The photodetector can be top-, back-, or side-illuminated
through an integrated optical waveguide. For top-illuminated
structures, the light has to propagate through the interelec-
trode region into the semiconductor. Neglecting the recombi-

nations, the quantum efficiency is then given by

n=>0-R)- [1—exp(—a - Wa)l (13)

(S+D)

where R is the reflection coefficient of light at the air-semicon-
ductor interface. R is reduced to a few percent in case of the
use of an antireflection coating. The ratio S/(S + D) intro-
duces the finger shadowing effect, which is the main draw-
back of top-illuminated interdigitated structures. The absorp-
tion coefficient is « and the absorbing layer thickness is W,.
The responsivity is given by

q

ZE'H (14)

N

where ¢ is the electron charge (absolute value), and hv the
photon energy of the incident light. These expressions show

Table 2. Typical MSM Photodetector Material Structures With the Metallization and the Corresponding Dark Current

Wavelength Active

Ref. Domain Epitaxial Structure Growth Metallization Surface (um?) Dark Current

(35) <0.9 um crist.-Si/Si0,/Si (SIMOX wafer) — Ti-Au 5X5 0.05nA (1V)

(38) <0.9 um crist.-Si/amorph.-Si-H (PECVD) Cr-Au 100 X 100 0.4 nA(10V)

(6) <0.85 um GaAs(S.1.)/GaAs VPE Wi, 100 x 100 1nA (10V)

(18) <0.85 um GaAs(S.1.)/GaAs/AlGaAs MOCVD Ti-Pt-Au 75 X 75 0.04nA (10V)

(32) <0.85 um GaAs(S.1.)/GaAs/AlGaAs/GaAs/ MOCVD Ti-Pt-Au 20 X 50 0.3nA (10V)
AlGaAs/GaAs

(22) 1.3-1.55 um InP(S.1.)/GalnAs/AllnAs LPMOCVD Ti-Au 50 X 50 20nA (10V)

(41) 1.3-1.55 um InP(S.1.)/InP/GalnAs/InP GSMBE Pt-Au 50 X 50 200nA (10V)

(43) 1.3-1.55 um InP(Fe)/GalnAs(Fe)/InP(Fe) LPMOCVD Ti-Au 100 x 100 200nA (10V)

(25) 1.3-1.55 um InP(Fe)/InP/GalnAs/InP/GalnP LPMOCVD Au** 100 X 100 30nA (10V)

(23) 1.3-1.55 um InP(S.1.)/AlInAs/GSL/GalnAs/ GSMBE Ti-Pt-Au 30 x 30 5nA (10V)
GSL/AlInAs

(16) 1.3-1.55 um InP(S.1.)/AllnAs/GalnAs/ MBE Ti-Au 50 X 50 109nA (10V)
In(GaADAs/AllnAs

(42) 1.3-1.55 um InP(Fe)/AllnAs/GalnAs/ MOVPE ITO ** 50 X 50 4nA (5V)
In(GaADAs/AlInAs

27 >1.5 um GaAs*/HgCdTe/CdTe MOCVD Pt-Au 48 X 40 70 nA (5V)

(33) 0.33-0.39 um 6H-SiC/SiC — Cr-Au 100 x 100 1nA (80V)

*Lattice mismatched; **Transparent fingers; GSL: graded superlattice; S.I.: semi-insulating
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that the MSM photodetector responsivity strongly depends on
the absorbing layer thickness, the material absorption coeffi-
cient, and the interdigitated structure.

In the long wavelength region, GalnAs absorbing coeffi-
cient is 1.16 um ! at 1.3 um and 0.68 um! at 1.55 um wave-
length (45). The absorbing coefficient of GaAs is 1 um™!
around 0.8 um wavelength and it is lower than 0.2 um™! for
A > 0.7 um (close to 0.2 um™! at 0.8 um) and higher than 1
pum ! for A < 0.5 um (34) for crystalline silicon. All these ma-
terial properties mean a penetration length close to 1 um for
III-V materials. Because of indirect bandgap transition, the
silicon penetration length is higher than 10 um near 0.8 um
wavelength and lower than 1 um only for A < 0.5 um. The
calculated external quantum efficiency and responsivity of
MSM photodetectors with different absorbing materials is
presented in Table 3. Two absorbing layer thicknesses of 1
pm and 1000 A have been used for calculation allowing to
appreciate the photodetector sensitivity in typical cases. For
these calculations, we supposed a perfect antireflection coat-
ing (R = 0) and equal finger width and spacing (S = D).

As for the finger shadowing effect, it seems that the finger
width must be decreased as far as possible, but the finger
resistance then increases, which reduces the photodetector
bandwidth (Fig. 16). The finger resistance depends obviously
on the finger dimensions, but, as noted by Chou et al. (5) in
the case of fingers made of 150 A/350 A thick Ti/Au deposited
on SiO, substrate, the finger resistance per unit length is
higher than the one calculated using bulk resistivities. This
difference may be due to the electron scattering with the me-
tallic boundaries. Indeed, for fingers wider than 0.1 um, only
the top and bottom boundaries induce an increase of the resis-
tance, while for fingers narrower than 0.1 um, the side bound-
aries produce an effect. For example, the measured resistance
for 0.06 um finger width is 80 /um (11 Q/um with bulk re-
sistivity) while it is 4.3 Q/um for 0.5 um (1.2Q/um with bulk
resistivity) (5). All these results permit us to estimate finger
resistance in a great number of cases.

All these reasons generally lead to a finger width not far
from the interelectrode spacing (D = S = D/4). However, a
way to avoid the finger shadowing effect consists of the use of
transparent metallizations in indium tin oxide (ITO), cad-
mium tin oxide (CTO), tungsten or gold. High—carried-con-
centration ITO is used with success in the short wavelength
domain (A < 0.85 wm) where its optical transmittance is
greater than 87% (46) and its resistivity is poor. Its transmit-
tance around 1.3 um and 1.5 um wavelength is respectively
near 70% and 50%, but at 1.3 um, it increases strongly while
decreasing carrier concentration. Nevertheless, a good trade-
off between transmittance and resistivity can be obtained by

improving the technological deposition process (42), it is then
possible to get a 99.5% transmittance, with a resistivity which
is only an order of magnitude higher (0.015 () - cm at room
temperature). In the same way, the CTO has a transmittance
over 85% in the long wavelength domain, and minimum resis-
tivity can be obtained under specific deposition conditions
(46). However, we must keep in mind that sputtering often
produces defects at the metal-semiconductor interface, which
increase the leakage current (47) and also induce photocur-
rent gain (this is documented in references 42 and 46). For
all these reasons, Chu et al. (47) proposed to deposit on an
AllnAs enhancement-barrier layer a thin tungsten silicide
(WSi,:200 A) layer under the ITO (550 A); this dual layer
structure allows a 57% optical transmittance at 1.55 um
wavelength. Avoiding sputtering, Matin et al. (21) deposited
300 A thick tungsten fingers by electron beam evaporation on
an InGaP cap layer and obtained a 95% GaAs photodetector
quantum efficiency. Yuang et al. (25) improved, the responsiv-
ity of a GalnAs photodetector from 0.4 to 0.7 A/W, with an
InGaP enhancement barrier layer by depositing 100 A thick
gold fingers. To sum up, the use of transparent fingers allows
the improvement of the responsivity, but the holes photogen-
erated under the anode (and the electrons photogenerated un-
der the cathode) take a very long time to join the other elec-
trode (see Fig. 8); this reduces the photodetector bandwidth
by increasing the average transit time of the photogenerated
carriers. As a consequence, in case of top illumination, trans-
parent metallization is generally used when the high-speed
operation of the device is not of prime importance.

On the other hand, Eq. (13) is acceptable for a period (P =
S + D) larger than the wavelength. In case of smaller finger
period, the electrodes constitute a metallic grating through
which light propagation must be studied. This complicated
problem, already suggested by Sano (48), has been experi-
mentally studied by Kuta et al. (49). The transmission coeffi-
cient through an interdigitated structure depends on:

* The ratios A/P and S/D

» The optical polarisation: electric field of the optical wave
parallel () or perpendicular (1) to the fingers

* The finger thickness

* The semiconductor refraction index n,

For S = D, the dominant factor is the ratio A/P with two par-
ticular values: A/P = 1 and A/P = n,, where the transmission
coefficient reaches a minimum (49). Moreover, the transmis-
sion coefficient is higher for perpendicular polarisation than
for a parallel one. For A/P > 1.5, the external quantum effi-

Table 3. Calculated Quantum Efficiency () and Responsivity () of MSM
Photodetectors with Different Absorbing Materials for Absorption
Layer Thicknesses of 1 um and 1000 A. We Supposed R = 0 and S = W.

W,=1um

Wavelength Material n N (A/W) n N (A/W)
0.8 um GaAs 31.5% 0.195 4.7% 0.03
1.3 um GalnAs 34.3% 0.343 5.5% 0.055
1.55 um GalnAs 24.7% 0.29 3.3% 0.04
0.8 um crist.-Si 4.7% 0.029 0.5% 0.003
0.6 um crist.-Si 16.5% 0.076 2% 0.012
0.4 pum crist.-Si 50% 0.154 31.6% 0.097
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Figure 12. Measured transmittance of a GaAs MSM photodiode with
P = 4000 A and D/P = 0.57 versus the rate A/P for linearly polarised
light oriented parallel (|;) or perpendicular (1) to the fingers. The
lines are guides to the eye. Reprinted with permission from J. J. Kuta
et al., Polarization and wavelength dependence of Metal-semiconduc-
tor-metal photodetector response, Appl. Phys. Lett. 64 (2):140-472,
1994. Copyright 1994 American Institute of Physics.

ciency of linearly parallel polarized light is lower than a few
percents. A typical behaviour, presented in Fig. 12, shows the
measured optical transmittance of such a grating on GaAs
material (P = 4000 A, D/P = 0.57) versus A/P for wavelength
higher than 0.85 wm. The interdigitated structure in 550 A
thick Ti—Au has been patterned using electron beam lithogra-
phy. Because the GaAs is then transparent, the grating in-
fluence appears, this means a very low efficiency obtained for
parallel linearly polarized light, while a higher one is mea-
sured for perpendicular polarization. A minimum exists at
MP = ny = 3.4 because of a resonance effect with the sub-
strate. The studies that can be carried out with modeling tools
such as finite difference time domain beam propagation
method (FDTD-BPM) also show the great influence of the
finger thickness because it is close to the finger width in these
conditions. We cannot here describe all the consequences of
this complicated problem but we must point out that the mod-
ification of photodetector responsivity due to small finger pe-
riod is sufficiently high to allow the fabrication of a wave-
length discriminator using several MSM photodiodes with
different periods. Chen et al. (50) did this using two simulta-
neously illuminated parallel photodetectors with periods of
4000 A and 6000 A, respectively (S = D). Under these condi-
tions, the photocurrent ratio (Iy/Ig00) depends strongly on
the wavelength, while it remains unchanged when the optical
power varies.

Because of the photodetector planar structure and its spe-
cific transit characteristic (Figs. 8 & 9), top-illuminated high-
speed devices need a thin absorption layer, which is not com-
patible with high quantum efficiency. In order to overcome
this trade-off, a back reflector can be introduced. Instead of
being placed on the back side of the wafer, it is positioned on
the bottom of the absorption layer. In the case of III-V mate-
rials, this is of a Bragg reflector, while in case of silicon in the
0.8 um wavelength region, it can be made from metal and
needs wafer bonding technique (51). In order to increase the
quantum efficiency, another method is roughening the front
or back surface of the absorbing layer (37,52), but controlling
the absorbing layer thickness is difficult, especially when this
thickness has to be of a few thousand angstroms.
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Let us consider now the back and side illumination. For
back illumination, the substrate must be made thin and pol-
ished in order to deposit an antireflection layer. Obviously,
the shadowing effect disappears; moreover, the finger pres-
ence increases the quantum efficiency by reflecting the light
into the absorbing region. Nevertheless, compared to top illu-
mination, the photodetector speed is reduced because of two
different phenomena. First, because the generation rate de-
creases exponentially starting from the absorbing layer bot-
tom, the greater part of the electron-hole pairs is photogener-
ated near the absorbing layer bottom, which increases the
average transit time. Second, as already explained, the carri-
ers photogenerated just under the electrodes have a long
transit time. All these considerations explain that back-illu-
minated MSM photodiodes with very high responsivity (0.96
A/W at 1.3 um wavelength) have already been made (see, eg.,
Ref 28) with an MSM photodetector directly integrated with
the optical fiber, and also that this illumination condition is
chosen if the high speed is not of prime importance.

Finally, the side illumination through an optical wave-
guide is interesting because it allows decreasing the ab-
sorbing layer thickness while absorbing nearly 100% of the
light that propagates inside the waveguide (53). However, be-
cause a high coupling efficiency between the fiber and the
waveguide is difficult to achieve, the responsivity of the whole
structure constituted by the photodetector with its waveguide
is generally not high. In spite of this problem, the waveguide
MSM photodetector is a good candidate in the field of inte-
grated photonic circuits (53,54).

Gain and Recombinations

Among the different electrical mechanisms that influence
MSM photodetector responsivity, the recombinations tend to
decrease responsivity, whereas trapping effects increase it.
The recombinations occur in bulk material, particularly in
cases of high impurity or high defect density. Such material
as amorphous silicon, Cr-doped GaAs, low-temperature GaAs,
Fe-doped InP, or Fe-doped GalnAs holds a short recombina-
tion time, which can be used to improve the photodetector
dynamic behavior, as will be seen in the next section. But if
the recombination time is shorter than the average interelec-
trode transit time, only a part of the photocarriers will be
collected. Anyway, the recombinations abate the responsivity
in all cases if the light penetration depth exceeds the depleted
zone thickness; the carriers photogenerated outside the deple-
tion region slowly diffuse and some of them recombine. This
situation is encountered particularly in crystalline silicon
MSM photodetectors in the (0.6 um to 0.9 um) wavelength
domain, where the absorption coefficient is small. In this case,
the quantum efficiency is only a few percent and increases
with bias voltage because the depletion region depth in-
creases with bias.

Recombinations also occur at the heterointerfaces, that in-
duce carrier pileup. This is notably often the case between the
small-gap absorbing layer and the large-gap Schottky en-
hancement layer. In this situation, the recombination rate at
the heterointerface increases with carrier density and de-
creases with the electric field, which allows the carriers to
surmount the barrier. An example of such behavior, already
reported by Yang et al. (55), is given by Burroughes et al.



570 METAL SEMICONDUCTOR METAL PHOTODETECTORS

0.0001

1E-005

1E-006

T T T A A A R A
0 1 2 3 4 5 6 7 8

Bias voltage (V)

1E-011

Figure 13. Dark and photocurrent of a top-illuminated InP/GalnAs/
AllnAs MSM photodetector versus dc bias voltage. The GalnAs-
AlInAs interface is abrupt and with a low defect density. The finger
spacing is 3 um and there is no AR-coating © 1991 IEEE. This curve
is reprinted from Ref. 56 with permission.

(56) in Fig. 13 where, for a bias voltage higher than 2 V, the
responsivity of a Fe:InP/GalnAs/AllnAs MSM photodiode de-
pends on the optical power as well as on the dc bias voltage.
Such a mechanism incites to introduce a transition layer in
order to avoid the carrier pile-up; in this case, the abrupt in-
terface with low defect density makes the photodetector com-
patible with a GaInAs/AllnAs H-MESFET process (56). More-
over, these curves show a responsivity of 0.7 A/W at 7 V bias,
which corresponds, according to the authors, with an external
quantum efficiency of 160%. Therefore, a gain phenomenon is
combined with the effect of abrupt heterointerface. The gain
often observed at low bias voltage in MSM photodetectors is
due to trapping rather than to impact ionization in the high
electric field region near the electrode edges. As reported by
Klingenstein et al. (57) in the case of GaAs based photodetec-
tors, two mechanisms can occur with different behavior ver-
sus frequency. The first has a specific cut-off frequency lower
than a few hundred megahertz and can be compared to the
low-frequency gain observed in GaAs photoconductors (58). It
varies weakly versus temperature and disappears if a large-
gap cap layer is grown on the absorbing layer. This is shown
in Fig. 14, which compares the photocurrent-voltage charac-
teristic of an (S.1.) GaAs/GaAs/Al,Ga,sAs MBE—grown MSM
photodetector to one of an (S.I.) GaAs/GaAs. The traps located
at the semiconductor surface between the fingers are respon-
sible for this mechanism. The photogenerated carriers
trapped at this surface create a dissymmetric electric charge
distribution, the electrons being trapped rather near the
anode. This charge modifies the potential distribution at the
metal-semiconductor contact, which induces additional car-
rier injection from the electrode. The injection mechanism is
tunneling rather than thermionic emission process, because
the latter would make the gain strongly temperature depen-
dent, which is not the case. For every trapped hole, an elec-
tron is injected, drifts in the semiconductor and is collected,
and so on, until the trapped hole is re-emitted. Therefore, this
phenomenon is limited by the trap density at the semiconduc-
tor surface, which leads to a gain decrease when the optical
power and thus the photogenerated carrier density increase.
Gain values of some hundreds then can be observed for a fre-
quency below a few hundred megahertz or even lower.

The second gain mechanism existing at higher frequencies
is due to hole pile-up or trapping in the vicinity of the cath-
ode. These holes induce electron injection by tunneling from
the electrode. Furthermore, gain due to impact ionization in
the semiconductor bulk can also be observed when the electric
field strength is sufficiently high. This occurs generally at
high bias voltage (12).

Usually, the trapping effect of the surface is cancelled by
the Schottky enhancement layer (18,57) and the quality of the
metal-semiconductor interface. By doing this, it is possible to
reduce the trap density strongly and to suppress the forma-
tion of a native thin insulating layer, so to avoid the gain
phenomena that increase the photodetector pulse response
time by adding a long tail to the short pulse due to collected
photocarriers.

Dynamic Behavior

As with all photodetectors, the different phenomena leading
to the MSM photodiode dynamic behavior are photodetector
capacitance and resistance and carrier transit time. The main
advantage of the MSM photodetector is its low capacitance
Cpp, which can be calculated taking into account the planar
structure by using conformal mapping technique (59). For two
electrodes with width D and spacing S, (the period is P =
S + D) above a semi-infinite semiconductor with relative
permittivity e, the capacitance per unit length is

K (k)
Kk

Co=¢-(1+¢)- (15)

with

/2
Kk) = d7¢ k = tan? Z,B and
2 4 P
0 V1-—Fk%sin“¢
kK =v1-Fk?

and the capacitance of the MSM photodetector active zone is
given by

A
CPD=CO~ﬁ%CO~(N—1)~L (16)
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Figure 14. Photocurrent versus bias voltage for two MSM photode-
tectors with and without cap layer. Dashed line: (SI) GaAs/GaAs-Ti-
Pt-Au structure, straight line: (SI) GaAs/GaAs/AlysGa,4As-Ti-Pt-Au
structure. These MBE grown photodetectors with 1.5 um finger spac-
ing are illuminated at 632.8 nm with 20 uW optical power. These
experimental results are reprinted from M. Klingenstein et al., Pho-
tocurrent gain mechanisms in metal-semiconductor-metal photode-
tectors, Solid State Electron, 37 (2): 333—-340. Copyright 1993 with
kind permission from Elsevier Science Ltd, The Boulevard, Langford
Lane, Kidlington OX5 1GB, UK.
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Figure 15. MSM photodetector capacitance versus finger spacing S.
The active area is 2500 um?. Straight line: constant period so D =
P — S, dashed line: D = S so P = D + S. For comparison, the capaci-
tance of a pin photodiode with an active layer thickness equal to S
and the same area is plotted.

where A is the photodetector active area, P the period, N the
number of fingers, and L the finger length. The comparison of
the capacitance of an MSM photodiode with a spacing be-
tween 0.2 um and 2 um to the capacitance of a pin photodiode
with an active layer thickness equal to S is shown in Fig. 15.
Under these conditions, in spite of their different structures,
these two photodetectors have a similar carrier transit time
and the same active area—2500 um?. As is clear, the MSM
photodiode capacitance is more than three times lower than
that of the corresponding pin photodiode. The third curve of
this figure, corresponding to a 2 um period, shows the de-
crease of the capacitance when decreasing the finger width
while keeping the period constant. This demonstrates the in-
terest in decreasing the finger width compared to the finger
spacing, since it also allows enhancement of the responsivity
by diminishing the shadowing effect. However, the finger re-
sistance can become important. Such a problem necessitates
taking into account the whole MSM photodetector equivalent
circuit represented in Fig. 16. Ipy represents the photocur-
rent, Rpp the leakage resistance, Ry the finger resistance, Cp,
the parasitic capacitance including the ground-finger capaci-
tance, that between pads, and the ground-pads capacitance.
Lgw and Cgy are the parasitic elements due to the bond wire
and R;, the load. The finger resistance is given by
Ry =2R,L/N a7
where R, is the finger resistance per unit length, L the finger
length, and N the number of fingers on each electrode. The
typical values of these elements are presented in Table 4.
In most cases, we can neglect the finger resistance and the
bond-wire parasitic elements. Thus, only the classical ele-
ments Ry, and Cygy = Cpp + Cpy remain. The characteristic

Intrinsic photodetector Bond wire
A4 Al
Re Lgw

®,. T S

Figure 16. MSM photodetector equivalent circuit.
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Table 4. Typical Values of the Elements to Be
Introduced in the Equivalent Circuit

Element Typical Value

Cpp 10-500 fF (see Fig. 15)
Rypp 10" — 10° Q

Ry 1-100 Q (41, 60, 61)

Coa 10-100 fF (60, 61) (<Cpp)
Lgy some tens of pH

Caw some fF

time constant corresponding to the photodetector impedance
is then the well-known RC time constant.

For example, the RC time constant of a (D = S = 1 um)
MSM photodetector with a 50 X 50 wm? active area, loaded
on 50 ) resistance, is 4 ps, leading to an RC cut-off frequency
as high as 40 GHz. On the other hand, assuming a saturation
velocity of 5 X 10® cm/s, the corresponding transit time delay
is 20 ps. All these values explain that the RC time constant
is often not the dominant limiting factor of the MSM photode-
tectors’ dynamic behavior. This is the reason we will now con-
sider the carrier transit phenomenon.

Starting from the electric field distribution and the carrier
paths described in Figs. 6 and 8, the transit time delay de-
pends first on the interelectrode spacing, the absorbing layer
thickness, and the bias voltage. It increases with the spacing
and the absorbing layer thickness. On the other hand, in the
regions where the carriers are photogenerated, the electric
field must be sufficiently high to induce a saturation drift
velocity for electrons and holes. Assuming at first that the
absorbing layer (thickness W,) is fully depleted, theoretical
studies (62) predict that for a given finger spacing, the tran-
sit-time limited cut-off frequency is the highest when

S
u—7~0.5

a

An example of such a characteristic is given in Fig. 17, which
presents the cut-off frequency of GalnAs/AllnAs MSM photo-
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Figure 17. Cut-off frequency versus finger spacing for GalnAs/
AllnAs MSM photodetector. The straight line represents theoretical
result after (62), W, = 2 u, 500 A AllnAs; the dots represent the
experimental results after (62), W, = 2 um, 500 A AlInAs; the square
represents the theoretical result after (22), W, = 2 um, 500 A
AllnAs; and the star represents the experimental result after (29),
W, = 1.5 um, 700 A AllnAs, graded superlattice.
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detectors versus finger spacing. We have joined theoretical
(8,22,62) and experimental (29,62) results. The comparison
between these results is difficult to carry out because gener-
ally experiments are performed with relatively high optical
power (some milliwatts). This induces high carrier densities
in the absorbing layer and as consequence an electric field
screening (63) that modifies the carrier velocity distribution
and thus increases the transit time delay. This phenomenon
also occurs for high-input modulated light power (64) and de-
pends strongly on the optical spot width. The specific electric
field distribution due to the planar structure makes the MSM
photodetector particularly sensitive to this factor. Moreover,
for experiments under pulse operation, the cut-off frequency
is derived from Fourier transform of the time response, which
introduces additional errors. These reasons explain the differ-
ences between the results even if the overall behavior is the
same.

Obviously, for thinner absorption layers, the obtained
transit-time limited cut-off frequency is higher (22), particu-
larly in the submicronic electrode spacing domain. More gen-
erally, in case of low penetration depth, because the majority
of electron-hole pairs are photogenerated near the semicon-
ductor surface (for III-V materials, the penetration depth is
around 1 um near cut-off wavelength) a semi-infinite absorp-
tion layer allows short transit time leading to very high cut-
off frequencies. For example, a bandwidth of 105 GHz has
been obtained on an MSM photodetector made by aluminum
deposition on bulk GaAs with 0.5 um electrode spacing (65);
300 GHz has been recorded by Chou et al. (5) on bulk GaAs
with 0.1 wm electrode spacing by using high-resolution elec-
tron beam lithography. But for this electrode spacing domain,
Monte Carlo simulations predict that the electron and hole
pulse currents are separated because of the lower saturation
drift velocity of holes. Moreover, the influence of parasitic ele-
ments becomes predominant, modifying the shape and the
width of the output pulse (66). In the extreme case, for elec-
trode spacing lower than the mean free path, the electronic
transport is nonstationary and the transit time strongly de-
creases due to the electron velocity overshoot. This phenome-
non permits reaching the terahertz frequency domain.

Anyway, the decrease of the absorbing layer thickness per-
mits to reduction of the transit time. For example, Chou et
al. (67) introduced an insulating AlGaAs-GaAs superlattice
between the semi-insulating GaAs substrate and the 0.4 um
thick absorption layer in order to avoid the collection of carri-
ers photogenerated in the substrate. In silicon, around 0.8 um
wavelength, a cut-off frequency higher than 100 GHz cannot
be obtained because of the very low absorption coefficient.
Particularly, the carriers photogenerated below the depletion
region, which are collected after a long diffusion process to-
ward the depleted zone, introduce a long tail to the photode-
tector pulse response. All these problems can be overcome by
a local etching of the wafer back so as to get a very thin ab-
sorbing layer (52), or by using a specific insulating wafer,
such as SIMOX (35) or sapphire (34). Obviously, these solu-
tions lead to bandwidth increase at the expense of responsiv-
ity. If this latter is not of prime importance, it is possible to
use an absorbing material with a very short carrier lifetime.
The cut-off frequency is then limited by the recombination
time and not by the carrier transit time. With this objective,
low-temperature GaAs. Cr-doped GaAs, Fe-doped InGaAs,
and amorphous silicon have been employed. The responsivity
of such MSM photodiodes is lower than that obtained on pure

bulk materials, but the bandwidth is enhanced. For these re-
combination time-limited MSM photodetectors, a submicronic
electrode spacing is not required. All the above considerations
concern very high-speed MSM photodetectors. Let us now
consider the photodetectors were a high responsivity, as well
as a bandwidth of a few tens of gigaherz, is needed.

Especially in the (1.3 um to 1.55 um) wavelength domain,
where the absorption layer bandgap is small, the heterointer-
face between the enhancement barrier layer and the ab-
sorbing layer leads to carrier pileup, increasing the transit
time. The carrier pileup also influences the photodetector pho-
tocurrent-voltage characteristic because of the recombina-
tions that occur if the heterointerface electric field is not high
enough for carriers to pass through (Fig. 13). As demon-
strated theoretically and experimentally (23,68), the introduc-
tion of a transition layer smoothing the conduction and va-
lence band discontinuities allows us to avoid this problem. As
a typical example, the fall time of the pulse response mea-
sured on a GalnAs/AllnAs MSM photodetector (D = 2.5 um,
S =25um, A =30 X 30 um? W, = 0.8 um) decreases from
19.3 ps to 15.7 ps by introducing a graded superlattice Gal-
nAs-AllnAs (23). This results in a bandwidth enhancement
from 18.1 GHz to 22.3 GHz (more than 20%).

Figure 18 presents the frequency and time responses with
opaque and transparent fingers for a top-illuminated GalnAs-
AlInAs MSM photodiode (D = 3 um, S = 3 um, A = 50 X
50 um?, W, = 1 um) grown on InP:Fe substrate (42). In this
case, the carriers photogenerated under the electrodes lead
to increasing the responsivity from 0.3 to 0.6 A/W (without
antireflection coating) but also to reducing the bandwidth
from 13 GHz to 6 GHz. In case of back illumination, the band-
width reduction will be of the same order of magnitude (obvi-
ously, whatever the transparency of the electrodes is).

In order to review the various typical characteristics of the
MSM photodetectors, we have gathered in Table 5 typical
reported structures with their measured responsivity and cut-
off frequency. We included silicon, GaAs, and InP based de-
vices, with transparent or opaque fingers, top or back illumi-
nated. Most of these photodetectors are transit-time limited
and the one on low-temperature GaAs is recombination-time

100 ps/div

Relative amplitude (dB)
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Figure 18. Frequency responses of MSM photodetectors with opaque
Ti-Au fingers (dashed line) and transparent ITO(N2/H2) (dashed line)
fingers. The active area is 2500 um?, the finger width and spacing are
3 um, and the wavelength is 1.3 um. This curve is reprinted from Seo
et al., Ref. 42 with permission. ©1993 IEEE.
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Table 5. Typical MSM Photodetector Material Structures with the Corresponding Measured
Responsivity and Cut-off Frequency. The Noted Wavelength Is That of the Dynamic Measurement
System. Some Structures of This Table Are also in Table 2 with Their Dark Current.
Wavelength Active D xS W, N Cut-off
Ref. (um) Epitaxial Structure Area (um?) (um?) (um) (A/W) Frequency
(5) 0.633 crist-Si substrate (P type) 10 X 10 0.1 X 0.1 semi-inf. 0.4 41 GHz
(35) 0.78 crist.-Si/Si0,/Si (SIMOX wafer) 5X%X5 0.1 X 0.1 0.1 0.0057 140 GHz
(5) 0.633 GaAs(S.1.) substrate 10 X 10 0.1 X 0.1 semi-inf. 0.2 300 GHz
5) 0.633 GaAs(S.I.)/LT-GaAs (1 um) 10 X 10 0.3 X 0.3 semi-inf. 0.1 510 GHz
(18) 0.82 GaAs(S.1.)/GaAs/AlGaAs 75 X 75 2 X 4 semi-inf. 0.32 3.5 GHz
(22) 1.55 InP(S.I1.)/GalnAs/AllnAs 50 X 50 1x1 1 0.35 17 GHz
(39) 1.3 InP(S.1.)/InP/GalnAs/InP 50 X 50 2 X 2 1 0.73 10 GHz
(41) 1.3 InP(Fe)/GalnAs(Fe)/InP(Fe) 100 x 100 15X 1.5 2.5 0.35 4.8 GHz
(25) 1.54 InP(Fe)/InP/GalnAs/InP/GalnP 100 x 100 3x3 1 0.7%* 2 GHz
(23) 1.3 InP(S.I.)/AlInAs/GSL/GalnAs/ 30 X 30 2.5 X 1.5 0.8 0.36 20 GHz
GSL/AllnAs
(42) 1.3 InP(Fe)/AllnAs/GalnAs/ 50 X 50 3 X3 1 0.8%* 10 GHz
In(GaAl)As/AllnAs
(28) 1.3 InP(S.1.)/AlInAs/GalnAs/ 17700 1X2 1 0.85* 4 GHz
In(GaAl)As/AllnAs

*Back illumination; **Transparent fingers; GSL: graded superlattice; S.I.: semi-insulating

limited. This table gives also an idea of the trade-off between
responsivity and cut-off frequency existing for this type of
photodetector. In the (1.3 um to 1.55 um) wavelength domain,
this trade-off leads to a low responsivity for bandwidths ex-
ceeding 20 GHz. For example, numerical modelling results
show a responsivity lower than 0.15 A/W for a cut-off fre-
quency higher than 45 GHz in the case of a InP/GalnAs/Al-
InAs photodetector with 0.3 wum electrode spacing (62). In
fact, as for pin photodetectors, this trade-off can be overcome
by using side-illuminated structures grown on an optical
waveguide. Indeed, the absorbing layer grown on top of the
waveguide can be very thin without giving the internal quan-
tum efficiency up since the guided light is then progressively
absorbed during its propagation. This is the main advantage
of this type of structure.

Noise

Like all other semiconductor photodetectors, the MSM photo-
detector noise is related to different sources:

1. Thermal noise
2. 1/f* noise
3. Shot noise

Thermal noise intensity is theoretically frequency indepen-
dent (white noise) and depends on the resistances existing in
the whole equivalent circuit. In fact, the load resistance is
generally the main part of the resistance that has to be taken
into account, but finger resistance could have an influence,
especially in the case of small finger width or if the electrode
material has a relatively high resistivity. The thermal noise
spectral density is given by

(I (in A%/Hz) (18)

2) = 4RT/R
where T is the temperature and R the resistance of interest.
The 1/f* noise has a complex origin. Its spectral distribu-
tion is in 1/f* where « is close to 1, which makes it important
for low frequencies. It has been notably related to material
defects inducing various local lifetimes, these defects being

localized at the semiconductor surface or interfaces. It is often
higher in devices with horizontal current flow (such as MES-
FET e.g.) rather than in devices with vertical current flow. As
for the shot noise, it is related to the randomness of photogen-
eration and transport processes. Its spectral density is given
by

(I

si2) = 20Uy +Ipy)  (in A%/Hz) (19)

where I; and Ipy are, respectively, the dark and photocurrent.
Its spectral distribution is flat (white noise) up to the photode-
tector cut-off frequency, where it behaves like the photocur-
rent (69).

Consequently, the MSM photodetector noise depends, for a
given device, on the frequency, the bias voltage, and obvi-
ously, the dark and photocurrents.

Assuming an illuminated photodiode with small dark cur-
rent (some tens of nanoamperes) at the optimal bias voltage,
the 1/f noise has been reported to be higher than the shot
noise only for frequencies lower than 1 MHz or even lower
(70). For higher frequencies, the shot noise is dominant and
can be considered the main noise source of this type of photo-
detector (70,71). The reduction of this noise current leads thus
to better sensitivity receivers. For high bias voltage, the shot
noise is strongly enhanced if a gain phenomenon occurs. We
know, as encountered for avalanche photodiodes, that the
noise factor Fy depends particularly on the nature and on the
distribution of the gain phenomenon in the material. Assum-
ing that Iyy > I, the noise density is given by

<ISH2

) = 2qIpyoG*Fy = 2qIpy G*** (20)
where Ipy, is the primary photocurrent (without gain), and G
the gain. The different reported measurements demonstrate
values of x much higher than those observed in the InP/Gal-
nAs avalanche photodiodes (x =< 1). For example, Vinchant et
al. (53) measured x = 2.4 and Wada et al. (71), x = 1.6. Move-
over, close to breakdown, especially in GalnAs-based devices
with an enhancement barrier layer, the 1/f noise increases
with the internal electric field strength, exceeding the shot
noise at higher frequencies. This behavior related to traps at
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the heterointerfaces makes the 1/f noise significant at fre-
quencies in order of 100 MHz (22).

These results explain that the noise behavior of the MSM
photodetector under optimum bias voltage is similar to those
of the pin photodiode; moreover, the use of MSM photodetec-
tors near breakdown is not of interest.

Scaling Rules

In spite of the great number of parameters influencing the
MSM photodetector behavior, we will give some simple rules
necessary to design such a structure. The responsivity being
related to the absorbing layer thickness and the shadowing
effect [Eq. (14)], the major problem is the bandwidth. Indeed,
the transit phenomenon, generally simulated by using compli-
cated bidimensional models (48,62,63), is difficult to predict
realistically with simple calculations. However, it is possible
to give a simple formula in order to have an idea of the struc-
ture suitable to a given application. In this way, the photode-
tector transfer function can be written

1 1
1+ joR;Cygyp) (1+ jor)

H(w) = (21)

where the first term introduces the RC time constant, Cygy
being calculated with Eq. (16), and the second term repre-
sents the transit influence. The transit-time delay is then
given by (72)

S

2vsat

) (22)

T

where v, is the carrier saturation velocity (the same for elec-
trons and holes) and § a number generally between 1 and 2,
which introduces a correction due to the curved nature of the
field lines (see Fig. 8). Under these assumptions, the cut-off
frequency is

1

2t V (R Cyepp)? + 72

For example, Fig. 19 presents the cut-off frequency versus the
photodiode area and the period in different cases: S = W and

fc = (23)
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Figure 19. MSM photodetector cut-off frequency versus finger period
for various surfaces and ratios S/W. The higher curves correspond to
a 20 X 20 um? surface while the lower ones to 50 X 50 um? For all
curves, we have taken: § = 1.4. Straight lines: S = D, dashed lines:
S = 3D and the load is 50 Q.
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Figure 20. Integration scheme of MSM detector and transistors. The
ohmic contacts of transistors are more often made before the common
Schottky contact of MSM and FET’s gate so as not to destroy these
during the high temperature anneal of ochmic contacts.

S = 3D, for R, = 50 Q. The shape of each curve is due to the
influence of capacitance and transit, the RC time delay being
dominant for small periods (and small interelectrode spacing)
and the transit-time delay becoming dominant for large peri-
ods. Obviously a trade-off leads to a maximum cut-off fre-
quency, which increases strongly when decreasing area. Fur-
thermore, a comparison of the cases S = D and S = 3D
demonstrates that for a given period, the decrease of the fin-
ger width can be interesting since the resulting reduction of
the shadowing effect is not at the expense of the bandwidth.
Obviously, this result is acceptable as long as the finger resis-
tance is not too high.

INTEGRATION

As can be seen in the above descriptions, several aspects
make the MSM photodetector a favored candidate for the fab-
rication of high bandwidth monolithic integrated circuits.
These are:

. Planar configuration of electrodes
. Use of undoped layers
. Low capacitance

NGV I

. Low dark current

All these points make this photodiode particularly suitable
for integration in a microwave strip or coplanar line. Indeed,
this integration is needed for high-speed operation in order to
reduce parasitics due to interconnections. On this topic, copla-
nar designs have been reported, such as those of Nakajima et
al. (9), proposing a photodetector in a coplanar line directly
integrated in a coaxial cable, or those of Kim et al. (28). In
the first example, the photodetector is in the middle of the
microwave line and it is connected by two accesses in quadri-
pole configuration. On the contrary, in the second example,
the photodiode has one electrode to the ground and needs only
one microwave connector. It can be tested by using microwave
measurement probes. The first configuration is used espe-
cially in cases of optical sampling [see, e.g., the optoelectronic
AND gate and the inhibitor fabricated by Sugeta et al. (12)].

Optoelectronic integrated circuits (OEIC) combining both
optoelectronic and electronic functions always constitute at-
tractive technical and commercial subjects since they allow
simultaneously the increase in performance of components by
the decrease of parasitics and the decrease of manufacturing
costs by reducing the handling and assembling of separate
devices. The counterpart of this is sometimes and more often
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Table 6. Advances in OEICs Associating MSM Detector and FETs. The Upper Part of the List
Is Dedicated to 0.8 um Wavelength Devices, the Lower One to 1.3 um and 155 ym.
MSM IC
MSM Characteristics: Transistor Responsivity Responsivity
Ref. Active Area, D X S (um) (Type, Gate Length, Amp. Type) Bandwidth (A/W) (V/W)
(74) 100 X 100, 3, 3 MESFET, 2 um, TZ 2 Gbits/s 0.2 400
(75) 75 X 75,1, 3.25 MESFET, 1 um, TZ diff. pair 3.2 GHz 0.45
(76) 10 X 10, 1,1 MESFET, 0.35 um, TZ 5.2 GHz 0.2 60
(77) 25 X 25,1,1.5 c¢-HEMT, 0.3 um, TZ 14 GHz 0.25 170
(78) InP, 1.5, 2.5 FET, 1.1 um 200 Mbits/s 0.9
(79) 30 X 30, InAlAs, 1,1 InGaAs HEMT, 1 um (GaAs subst.) 0.45
(20) 25 X 25, GaAs, 0.75, 1 GaAs HEMT, 0.3 um, TZ (GaAs subst.) 430 MHz 0.08 2100
(80) 50 x 50, InP, 0.5, 0.5 InGaAs HEMT, 0.3 um to 1 um 16 GHz 0.26

a larger complexity in technological process. The four pre-
viously mentioned characteristics of the MSM photodetector
are significant assets compared to its main competitor for in-
tegration objectives, the pin photodiode. Nevertheless, the
pin advances a better responsivity, which is not a trivial de-
tail. But from a technological point of view, the integration
scheme proves easy: the MSM detector is built on the buffer
layer (or even more simply on the substrate) and transistor—
mainly field effect transistors (FET)—epilayers are grown
above (Fig. 20). This often leads to a very weak difference in
height between MSM and transistor planes, which facilitates
the interconnections. Moreover, since transistor gate and
MSM finger metallization is often the same, they are usually
deposited simultaneously, thus reducing the number of tech-
nological steps.

Owing to a very simple manufacturing process on GaAs
material system and a total compatibility with FET technol-
ogy, the first integrated photoreceivers combining MSM and
metal-semiconductor field effect transistors (MESFET) have
been produced in this material system. After the first at-
tempt—association with a high-impedance (HZ)-type ampli-
fier (73)—which mainly demonstrated the feasibility of such
integration, all subsequent ICs used a transimpedance (TZ)
design. The MSM detector is made either on the substrate or
on the buffer layer, which, in any case, is needed for the tran-
sistor fabrication. Various forms of FETs can be used, namely
more frequently MESFET or high electron mobility transistor
(HEMT), different ICs are listed in Table 6 (upper part). More
recent devices exhibit a bandwidth greater than 10 GHz and
very good performance. Unfortunately, the 0.8 um wave-
length is not in favor with optical communications either in
long-haul (high bit rate) systems or even in short-haul (distri-
bution) ones. It is then preferable to move to longer wave-
lengths: 1.3 um and 1.55 um. Use of GalnAs(P)/InP MSM
detectors is then required. For these materials (see section on
material systems), MSM loses its technological simplicity
since a much more complicated epitaxy is needed. Different
enhancement layers can be used, which lead to many integ-
rable devices. Different kinds of transistors can also be made,
either in the InP or GaAs material system. Depending on the
available device technology, expertise of heteroepitaxy, and
knowledge of the research teams involved, several attempts
(some of them are listed in the above table) tend to demon-
strate that integrated photoreceivers can be made mixing var-
ious transistor and MSM types. In all cases, the frequency
response of the long-wavelength MSM detector (see Section

on dynamic behavior) governs the response of the integrated
photoreceiver.

Because of the very large range of possible design rules
and the related trade-offs between the performance of the op-
toelectronic (the MSM detector) and electronic (the transis-
tors) components, no real conception scheme has emerged up
to now, and so no integrated photoreceiver of this type is cur-
rently commercially available.
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