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SUMMARY

In this work, the fabrication and integration process for both on-wafer metal-
semiconductor-metal (MSM) PDs and thin film inverted MSM (I-MSM) PDs is discussed
in detail. Both on-wafer MSM PDs and I-MSM PDs were investigated for the dark
current, responsivity, impulse response, bandwidth, and capacitance variation as a
function of varying finger width, spacing, active area size, and absorbing layer thickness.
The responsivity, bandwidth, and capacitance of on-wafer MSM PDs were statistically
modeled using a DOE matrix. The DOE modeling revealed that the finger width, active
area size, and material thickness are not critical factors defining the bandwidth. However,
the capacitance is sensitive to the active area of the MSM PDs. The I-MSM PDs were
studied for the correlation to on-wafer MSM PDs for responsivity and impulse response.
| It shows that the MSM PDs fabricated in this work with typical structures are transit time
limited, so the devices with 1 um finger spacing have the best AC performance.

The thin film I-MSM PDs were integrated into photoreceiver and waveguide
| optical links. The photoreceiver integrated with -'MSM PDs demonstrated a bandwidth
of 400 MHz with large éize detectors, 200 pm x 200 um square. An I-MSM PD with a 40
pm diameter was integrated onto a 10 Gbps CMOS chip and is under test. An optical link
" with an embedded thin film I-MSM PD in a channel waveguide showed a good eye
diagram at 1 prs on both Si/SiO; and cerarﬁic substrates. Rectangular I-MSM PDs were

also optimized and integrated onto ceramic substrates for an optical link at 10 Gbps.
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CHAPTER 1
INTRODUCTION AND BACKGROUND

1.1 Motivation

The rapid growth of sefﬁiconductor.tec‘}lnoiogy has pushed electrical connections
to their limits. The SIA Roadmap prqdicts ‘that the speed and performance of electronic
systems will ultimately be lirhifed by the cost and performance of the interconnections'.
Optoelectronic (OE) interfaces (such as photoreceivers and optical links with waveguides)
are a possible solution to these foreseen electrical interconnection limitations.

Photodetectors are an essential component in optical communication for
conversion of optical signals to electrical signals to be amplified by receiver circuits.
Photodetector are being driven toward more and more stringent requirements with
continued decreases in capacitance, increases in bandwidth, and larger size due to
pressure from packaging. Photoreceivers integrated with MSM PDs have attracted

attention from industry in recent years. The simple fabrication, lower capacitance than p-

i-n photodiodes per unit area, and high alignment tolerance? may make the MSM

photoreceiver more competitive as bandwidths rise, in contrast to the p-i-n photoreceivers,
which are currently dominant in the market. Aphs GmbH® has reported InGaAs MSM
PDs with FWHM of 18 ps, corresponding to a multi gigahertz bandwidth. OptoLynx® has
a large area (80 pm diameter) GaAs MSM PD with a bandwidth of 5 GHz. However, the
development of low cost, high speed, and reliable OE interconnections is still a limitation
in many commercial applications, such as I/O interfaces to high density interconnection

(HDI) substrates and fiber-to-the-home (FTTH). In this research, MSM PDs, separately



grown and independently optimized, are bonded to Si CMOS VLSI receiver circuitry,
which is designed by Professor Martin Brooke’s group (of Georgia Tech), to address

these on-chip issues.

The electrical interconnection limitation predicted by the SIA Roadmap also finds
* possible solutions by using ultra short haul optical interconnect in the millimeter to
centimeter range. These optical interconnections can offer benefits such as simplification
of design, advantages in architecture, removal of timing skew, reduction of power
dissipation, and voltage isolation >.

In recent years, research into optical interconnections has begun to explore
polymer waveguides deposited onto PDs for signal transport. Examples include a GaAs
substrafe using GaAs MSM PDs with polymer waveguides * and a Si substrate using Si
PDs with polymer waveguides > °.  To efficiently detect wavelengths of 1.3 um to 1.55
pm, InGaAs PDs are necessary to integrate into polymer waveguide systems because Si
PDs and GaAs PDs have very low quantum efficiency in this wavelength range. In this
research, thin film InGaAs MSM PDs were separately grown, fabricated, and bonded to
SiO,-coated Si (Si/SiO;) or ceramic interconnection substrates. Then, through
collaboration with Kyocera, polYmer "Vy'c;weguides were spin-coated and defined on top of

the PDs to create channel wavegljlidéijqr optical interconnection on the host substrate.

1.2 MSM PDs in Compari_éon to Other Types of PDs
As only one part of the wh()'.I:e‘ optoelectronic receiver system, photodetectors must
be compatible with the design of the rest of the system. This compatibility requires that

- the photodetector should have small capacitance, high bandwidth, high responsivity, and



low dark current. Among all the photodiodes, p-i-n photodiodes, Schottky barrier
photodiodes, MSM photodetectors, and avalanche photodiodes are commonly designed
and used for different applications. They are in general broadly classified as those
without internal gain (p-i-n, MSM PDs, Schottky PDs) and those with gain (avalanche
photodiodes).

In today’s long distance, high-speed fiber optic communication, avalanche
photodiodes (APDs) take advantage of an internal gain mechanism ’. In an APD, a high
electric field is established within the depletion region where impact ionization takes
place, and this phenomenon leads to avalanche breakdown, which gives rise to the
internal gain. This internal gain mechanism makes APDs a good candidate for long
distance fiber transmission since every photon counts. However, impact ioniéation also
gives the APDs the main drawback of additional noise due to the random nature of the
gain mechanism. Another drawback which limites the use of APDs is the high cost, so
that in applications of short to medium range, photodetectors without internal gain are
usually used.

Photodetectors without gain can be divided into two classes: detectors with ohmic
contacts and detectors with Schottky contacts. Among the detectors with ohmic contacts,
p-i-n photodiodes are the most pbpular ones for use in ﬁberk communication. The bas.ic p-
i-n photodiodes consists of three regions: the highly doped p-region, the intrinsic region
and the highly doped n;region. In normal operation, the diodes are sufficiently reverse
biased to cause the depletion region to punch through from the p-fegion to the n-region.
Under illuminatioﬁ, the photocarriers are generated in this depletion region and collected

at the corresponding electrical contacts. The speed of the response of the p-i-n phofodiode



depends both on the cir‘cuit RC :time co‘nstant‘and the intrinsic transit time. To reduce the
capacitance of the photodiode, the active area size of the diode can be reduced without an
impact on the quantum e‘ft,'lcie‘hcy. |

The advantages of p-i-n photodiodes include easy design of high quantum
efficiency devices with high bandwidth, high reliability, and low noise. However, the
high bandwidth is based on reducing the aperture dimensions of the diode for smaller
capacitance, and this causes more difficult fiber alignment. To reduce the assembly cost,
alternative designs of photodetectors with larger sizes are required.

Metal-semiconductor-metal (MSM) photodetectors have a much lower
capacitance per unit area than p-i-n photodiodes, and thus offer a design alternative for
high speed photodetectors. A MSM photodetector is composed of two back-to-back
Schottky diodes and has interdigitated electrodes on the surface of the device, as shown
in Figure 1. When a bias voltage is applied to the interdigitated electrodes, a depletion
region extends into the semiconductor material. Under top illumination, photoexcited
carriers are generated and accelerated in opposite directions by the internal electric field,
as shoWn in Figure 2. These photogenerated electron-hole pairs (EHPs) are swept out by
the electric field, and are then collected by the anode and cathode, respectively. How fast
these carriers flow, and how many of them are collected by the electrodes per unit time,
determine the speed and responsivity of the MSM PD. Therefore the transit time is
related to the spacing between the interdigitated electrodes. The bandwidth of a PD is
determined by the external RC time constant and by the intrinsic transit time, and can be

expressed as:

=—1 1.1
! 27 (RC) 7, (.



where f is the bandwidth of a MSM PD, 7, is the transit time of the photogenerated

carriers, and R and C are the resistance and capacitance of the MSM PD, respectively.

MSM electrodes
(fingers)

Semiconductor
material for
optical absorption

Contact pads

Figure 1: Basic structure of a MSM PD on semiconductor material.

Light

+ - +
| ™ ™

NOOZ Nooﬂ «- Absorbing layer

-". | <= Substrate

Figure 2: Photogenerated electron and hole pairs are in an electric field.

1.3  Fundamentals of MSM Physics

1.3.1 MSM Physics for DC Characteristics

Metals deposited onto semiconductors can form Schottky barriers.  An energy
band diagram Qf an MSM PD under;bj.as and illumination is shown in Figure 3. The baéic
transport processes without ‘illumination: in‘cludé (1) transport of electrons that have
sufficient energy to overcome the potential barrier (thermionic emission); (2) tunneling of

thermally activated carriers through the barrier (thermionic field-emission); (3)



‘generation of carriers from surface states®. Current generated without illumination is
called dark current. To reduce dark current, a thin layer of lattice matched InAlAs (cap
layer) is grown at the top of the PD structure to enhance the Schottky barrier height ® For
a typical MSM (40 pm to‘ 200 pm in digmeter), the dark current is in the range from less

than one nanoampere to tens of nanoamperes.

qos
Br —

Figure 3: Energy band diagram of a MSM PD under bias and illumination.

Photocurrent is generated from the absorption of incident light having higher
photon energy than the material bandgap. The cut-off wavelength for Ings3Gag47As can

be expressed as:

a=te 12meV s, (1.2)
Eg' i 0.74eV
where 7 is Planck’s constant, c is thé sipeed (j)f light, and E, is the material bandgap.

The responsivity of PDs is defﬁned as the ratio of photogenerated current to the

t
|

incident light power at one wavelengtljlz

i an p)
R=_Pr _dN__ N -, (1.3)
Popt  hv  124x10”
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where 7 is the quantum efficiency of the device. The quantum efficiency for an MSM

diode is expressed as:
=n.:(1—- € y1- -al
n=m(-NEH1-T), (14)

where 7; is the internal quantum efﬁciency, r is the reflection coefficient at the air-
semiconductor interface, g is the finger gap, w is the finger width of the MSM PD, T is
the thickness of the absorbing layer, and « is the absorption coefficient of the absorbing
layer material (Ings3Gag 47As). The absorption coefficient o is defined as:

a=4rk/ A, (1.5)
where k is the extinction coefficient. The extinction coefficient of Ings3Gagaq7As is
approximately 0.25 in the wavelength range from 1.3 pm to 1.55 pm ' The incident
illumination decays exponentially according to ¢, where x is the distance measured
from the surface of illumination. Thus, the penetration depth (d), where the energy of the

incident light power has attenuated to e is calculated as:

__ A _ 13um —
d=4rr =700 =0.4140um = 414nm.. A (1.6)

For a small bias voltage applied to the contacts, the electric fields and energy
band profiles are shown in Figure 4 (a) and (b). In this figure, contact 1 of the MSM PD
is biased at a negative voltage with respect to contact 2. Thus, contact 1 is reverse-biased
(cathode), whereas contact 2 is forward-biased (anode). By increasing the voltage, the
depleted area at the reverse biased cathode grows, while the depleted region is reduced at
the forward biased anode ''. A fully depleted area forms between the cathode and anode
when the two areas touch. This condition is defined as the reach-through condition, and

the bias voltage at this level is called the reéch—through voltage Vrr. MSM PDs usually



are operated with a minimum DC bias at Vg, Figure 4 (c) and (d) show the electric field
and energy band diagram for the reach-through condition. With a further increase of bias
voltage, the cathode depletion region extends more towards the anode, and the electric
field reaches zero at the anode. This voltage is termed as the flat-band voltage Vgs. For
voltage biases higher thaﬁ Vs, but before breakdown, the photocurrent remains constant.
Photocarriers generated between the electrodes are swept by the electric field with the
drift velocity in the transport region. Holes have a much slower drift velocity than
electrons, so they have to travel a longer time to be collected by the cathode, which
results in a long tail in the impulse response. Photocarriers generated behind electrodes
for back illuminated MSM PDs (scattering for top illuminated MSM PDs) have to diffuse
into the depleted region first, and then be swept out by the electrical field.

The maximum voltage that can be applied to the MSM PD is limited by the
breakdown voltage Vpp. For biases over Vpp, impact ionization and tunneling occur,

which result in a sharp increase of MSM PD current.



Contact 1 ' Contact 2

N x
O%/xl %, 07 N x
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(a) Electrical field at equilibrium ~ (c) Electrical field at equilibrium

F
adsr | [\ $aVei Vi *7;‘ abs W

(b) Energy band at equilibrium (d) Energy band at equilibrium

Figure 4: Electric field and energy band profiles (a) and (b) at a small bias voltage, (c)
and (d) for reach through condition.

1.3.2 Intrinsic Cut-off Frequency of MSM PDs for High Speed Operation

The bandwidth of MSM PDs is determined by both the intrinsic response (transit
time) and external response (RC time constant). In this research, the compound
. semiconductor materials are grown by molecular beam epitaxy (MBE). Trapping by
recombination centers is negligible because of the high quality of the material. For a

simple estimation, the average transit time of carriers can be expressed as:



Sy (1.7)

vd
where L, is the carrier transit length between two fingers (i.e. finger gap g), and v, is the
combined drift velocity of the electrons and holes. The drift velocity of the holes is much
slower than that of the electrons, so v4 can be simplified as the drift velocity of holes v; 12
The electric field decreases gradually from the electrode surface to the substrate. The
transport velocity of carriers therefore also varies with the position inside the absorbing
layer 13 In a very simple estimation of transit time, a uniform electric field between
electrodes is assumed for a MSM PD with 2 um finger spacing and a 0.2 pm InGaAs

absorbing layer with 0.06 um cap layer and superlattice layer at bias of 5V:

_ (bias voltage) sy
- (finger spacing) " 2um

=25KV/cm. (1.8)

At low electric fields, the drift velocity is proportional to the electric field strength E:
vi=pE | (1.9)
where u is the mobility of InGaAs material, and u can be approximated by:
,u=(m*)—3/2T”2, (1.10)
where m* is the effective mass of carriers, and T is the temperature. In a high electric
field, carriers move at a saturét'idn&elocity thaf is no longer proportional to the electrical
field. The drift velocity of electrons at 25 kV/cm is 8.5x10° vcm/sec. The saturation

velocity of holes is 4.8x10° cm/sec '. The longest transit length for holes can be

calculated as:

La=Q@um)* +(0.26um)? =2.017 um (1.11)

10



So the transit time 7 is calculated as:

2.017um
y=—— " —A2psec 1.12
: 4.8x108cm /sec p . ( )

For a transit time limited PD, using Equation (1.1), the corresponding intrinsic cut-off

bandwidth is the inverse of the transit time t:

r=—t =379 GHz. (1.13)

27Ttr

This Asi‘mpliﬁed approximation uses a 1-dimensional calculation for the electric
field, and ignores the RC time delay on the bandwidth. Usually, a  2-dimensional Monte

Carlo simulation is involved for more accurate modeling .

1.3.3 External Response of MSM PDs for High Speed Operation
The charge-up time (RC time constant) of a MSM PD determines the external cut-
off bandwidth, where R is approximately equal to the load resistance, and C is the
capacitance of the PD. If the RC time constant of a PD is much longer than the carrier
transit time, the bandwidth of the PD is limited by this RC constant, i.e. the capacitance
of the MSM PD. The capacitance of a MSM PD can be calculated using the conformal
mapping technique '°. The unit capacitance as a function of finger width and gap is
calculated as:

_eo(l+er)K
K'

Co (1.14)

where Cp is the capacitance per finger length, & is the dielectric constant in vacuum, and
& is the relative effective dielectric constant of the semiconductor. K and X' are elliptic

integrals defined as:
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(1.15)

CwanL [F/2 d¢
£oRe K J1-k2sin ¢
K'=K(K),k'= V1-£2 (1.16)

k = tan? (”—W] (1.17)
4p

where w is the finger width and p is the finger pitch, i.e. the sum of width (w) and gap (g).

The total detector capacitance is then given by:

_ Co4
c==~ (1.18)

where A4 is the active detection area of a MSM PD.

1.4 Approaches for Multi Gigahertz MSM PDs with Thin Film I-

MSM PDs

As shown in Equation (1.1), to realize broadband MSM PDs, both the RC time
constant and the carrier transit time need to be minimized. In recent years, most research
“has focused on reducing the transit time. General methods of reducing carrier transit time

17,18

include using nanotechnology to get submicron fingers and spacings , recessed

20,212 jon-implantation in the

cathode structures P low telﬁperature grown materials
absorbing layer 2**, and ultra-thin absorbing layer MSM PDs .
Using nanotechnology, submicron electrodes for MSM PDs can greatly reduce

the transit time, but the fabrication is beyond the resolution limit of standard contact

photolithography, and ‘require‘s ‘e-beam lithography that has low manufacturing
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throughput. Recessed structures can slightly compress the pulse tail caused by slow
carriers, but greatly increases the fabrication complexity of the MSM PDs.

In addition to shrinking the spacing to reduce the transit time, recombination
centers can be purposely introduced in the absorbing layer to trap and recombine carriers
with a long transit time. However, the responsivity is reduced in these recombination-
limited MSM PDs. Low-temperature grown InGaAs material introduces point defects and
microclusters to form midgap defect bands to capture both types of carriers, which then
recombine®®. MSM PDs fabricated with low-temperature grown InGaAs demonstrated
improved bandwidth, but with very low responsivity. Growth of material at low
temperatures is a relatively new research area, and has not yet been fully investigated.
Ion-implantation (mainly Fe atbms) into the absorbing layer is another effective way to
increase the device bandwidth by introducing recombination centers. MSM PDs
fabricated with ion-implanted material suffer from very high dark current associated with
the high-energy ion bombardmént.

Besides reducing the transit time laterally (smaller finger spacing), thin absorbing
layer MSMs can reduce the cérrier transit time longitudinally to achieved high
bandwidth. A MSM PD fabricated with thin absorbing layer material has produced a
bandWidth of 12 GHz with standard photolithograi)hy. The tradeoff in thin absorbing
layer MSM PDs is the increase in bandwidth with decreasing responsivity, because few
photocarriers are generated with a fixed illumination power.

In this research, MSM PDs fabricated on varying absorbing layer thicknesses will
be investigated towgrds a bandwidth of 10 GHz while optimizing the devices for the

highest responsivity and largest area using standard contact photolithography fabrication
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techniques. To improve thla fespoﬁsivity, a MSM PDs can be inverted for backside
illumination, which is an effective way to improve the .device responsivity 2> 2 by
eliminating thé 'ﬁnger éhzfdowing eAffe'c.:t'. In this research, thin absorbing layer, inverted
MSM PDs with back side illumination are fabricated and integrated for both

photoreceiver and wavegﬁide applications.

1.5 Statistical Analysis of Electrical Devices Using DOE

Design of experiments (DOE) was invented by a British scientist, Sir R. A.

Fisher, in the 1920s as armethod to maximize the knowledge gained from experimental

data. It has evolved for dver 70 years and became a popular statistical technique ih the

1990s. In DOE analysis, a design matrix is prepared first, then statistical analysis is

applied by linear, non-linear, or screening methods for modeling with different regression
techniques %°.

Statistical analysis with a DOE matrix became popular first in chemical

engineering and semiconductor manufacturing for process optimization. Nowadays,

research on electrical device modeling using statistical analysis has started to emerge. For

example, in the area of microwave research, multiplayer-packaged inductors and solenoid

embedded inductors were statistically modeled ** 3" 32

using a DOE matrix to obtain high
Q devices. DOE modeling has also demonstrated usefulness iﬁ switch noise analysis®,
device process integration, optimization for opto-electronics integrated circuits (OEIC)*,
and circuit performance analysis®.

In this work, numerous MSM PDs with varying structures were fabricated in

array format and tested individually. Then, the measured data was statistically analyzed
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to obtain models of responsivity, bandwidth and capacitance. Finally, the models were
used to study the trend of the characteristics as a function of different photodetector

physical structures to predict performance optimization.
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CHAPTER 2

FABRICATION AND PROCESS OPTIMIZATION

The MSM PDs used in this research were fabricated in the Microelectronics
Research Center cleahroom at Georgia Tech. The material was either purchased from a
commercial vendor (Bandwidth®) or grown by Prof. April Brown’s group. The material
structures used for this research are shown in Table 1. Each wafer was given a sequence
number shown in the ﬁarenfheses. All materials have a thin InAlAs cap layer on the top,
which is used to reduce the dark current. The Bandwidth® material has a composition
alloy graded layer; the material groWn by Prof. Brown’s group has a superlattice graded
layer. Both of these graded layers are designed to smooth the bandgap discontinuity

- between the cap layer interface and absorbing layer for a faster impulse response 3637,

Table 1: I-MSM material structures: Bandwidth® and Prof. Brown’s group.

Thickness of Thickness of Prof. April’s
Bandwidth® material grown material
InAlAs (cap) 400 A 400 A or 300 A
InAlGaAs (graded layer) 500 A 200 A
InGaAs (Absorbing layer) 7400 A 1000 A (#217), 2000 A (#
218), 3000 A (# 219), or
5000 A (# 109)
InAlGaAs (graded layer) 500 A : : None
InAlAs (buffer layer) 400 A 7000 A or 1 pm
InGaAs (stop etching layer) 2000 A 2000 A
- InP (substrate) ~ 550 pm ~ 550 um
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2.1 I-MSM PD Fabrication and Process Optimization

The fabrication and integration of the I-MSMs includes photolithography to
define the fingers and contact pads of MSM PDs, e-beam evaporation and lift-off for
metalization, mesa etch to separate the MSM devices, substrate removal to realize thin
film devices, and transferring and bonding of devices to host substrates. Figure 5 outlines

the process flow of the I-MSM fabrication pfocess.

Inverted MSM Host Substrate

PDs
.

Figure 5: Process flow for I-MSM PD fabrication.

2.1.1 Photolithography

Negative photolithography was used to define interdigitated finger electrodes and
contact pads for the MSM PDs. Because III-V compound semiconductor material is quite
expensive, a small piece of material was cut from the whole wafer and processed each
time. The size of each piece is around 5 mm by 5 mm. During photolithography, a
fragment of scrap material was bonded along two edges of the sample. In this way, the

edge bead fell mostly on the scrap materials during spin coating of photoresist. The scrap
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material was then removed during the photoresist soft bake process step. Using this

technique, the edge bead can be significantly reduced on the semiconductor samples.

2.1.2 Metallization and Lift-off

The metallization structure used for the MSM PDs was Ti (300 A)/Pt (350 A~ 500
A)/Au (2500 A~3000 A). The Ti layer is ‘deposited on the top of the sample first as an
adhesion improvement layer, followed is a thin Pt layer for a diffusion barrier. Finally,
Au is deposited as the top layer for good electrical conductivity. When the devices were
heated above 200 °C, Au atoms could diffuse into the semiconductor (InAlAs cap layer),
resulting in an ohmic contact or a leaky Schottky contact instead of a low leakage
Schottky contact. Hence, the platinum diffusion barrier layer is necessary to maintain a
good Schottky contact, to keep the dark current low in spite of any subsequent heating
processes. To further reduce the dark current caused by diffusion of Ti atoms into the
semiconductor at high temperature, a very thin Pt (around 40 A to 50 A) layer can be
deposited prior to the Ti layer. However, Pt has a very high melting temperature, and
requires high power to evaporate in the e-beam vacuum chamber. Heating of the
photoresist during deposition results in over-heated photoreéist, which is very undesirable
in the lift-off ﬁrocess. Therefore, the thin Pt layer before Ti deposition is excluded if the

dark current can be maintained in a satisfactory range for a particular application.
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2.1.3 Mesa Etch and Sﬁbstrz&e Rempval

A mesa etch was used to separate MSM material into individual devices. Citric
acid and H,0; (10:1) were used for thé mesa etch, with an etch rate of roughly 1000
A/min. The etching stops at the top of stop etch iayer (2000 A InGaAs).

After the mesa etch, tHe sample is coveréd with Apiezon W for substrate removal.
Apiezon W protects the top surface during the InP substrate removal, which uses HCI or
HCIL:H3PO,4 (3:1). After the InP substrate is removed, the InGaAs stop etch layer is etched
by citric acid and H;0, (1:1) for around 2 minutes. The resulting MSM PDs 4are
approximately 1 pum thick. Wet etchant of HCI or HCI: H;PO4 for InP is a well-known
selective etchant over InGaAs (the stop etch layer). However, this etchant shows strong
anisotropic effects *%; a higher etch rate on [001] and [010] crystal directions than on [011]
and [01 i]. It takes around 45 minutes to remove all of the InP substrate using HCI,
resulting in highlighted defects, as shown in Figure 6 (a). In this research, different
compositions of HCI to H3PO4 have been investigated for wet etching. A small portion of
H3POj4 in the mixture will result in a slower etch rate than pure HCI. The best result has

been achieved using HCI:H3PO4 (1:1) at 50 °C on a hotplate, resulting no highlighted

defects as shown in Figure 6 (b).

2.1.4 Integration of Individual Devices to Host Substrates
After substrate removal, the MSM PDs are bonded onto a tight thin Mylar®
polymer sheet, and the Apiezon W is removed using TCE. The thin film MSM PDs are

transferred individually onto host substrates. The bonding material on the host substrate

19



is‘ Ti (300 A)/Au (5000 A) for photoreceiver integration, and Ti (1000 A)/Pt (500 A)/Au

(5000 A) on SiO,/Si or ceramic substrates for waveguide applications.

(2) (b)

Figure 6: I-MSM PD after substrate removal using different etchants. (a): InP substrate
removed by HCI. (b): InP substrate removed by HCI:H3POj4 (1:1) on hotplate at 50°C.

.2.1.5 Calibration Structure Fabrication

A Ni/Cr resistor was fabricated to calibrate the HP Lightwave Component
Analyzer (LCA) using a SOL (short-open-load) method. The Ni/Cr had a ratio of 80:20
with a sheet resistance of 10 Q to 400 Q *°. In this research, a Ni/Cr film of 1600 A was
deposited onto a thick glass substrate (1.2 mm thick) using an e-beam evaporator and
negative photolithography. Then Ti/Au probing pads were photolithography defined and
e-beam deposited onto the Ni/Cr resistor, as shown in Figure 7. Finally, the Ni/Cr resistor
with size of 70 pm/100 pm (roughly 20 Q) was laser trimmed to 50 Q, as measured by a

network analyzer.
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Figure 7: A Ni/Cf 50 Q resistor with probing péds on a glass substrate.

2.2  On-Wafer MSM PD Fabrication and Process Optimization
On-wafer MSM PDs wcfe fabricated on all materials with thin absorbing layer (#
| 217, #218, #219, # 109) in arfay format as shown on Figure 8. The fabrication included
MSM metallization, benzocyclobutene (BCB) coating, BCB patterning, and probing pads
deposition. A Ni/Cr resistor of 50 Q2 was also fabricated on the same substrate as the on-

wafer MSM PDs as a calibration structure for bandwidth and capacitance measurements.
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(b)

Figure 8: Arrays of on-wafer MSM PDs for (a) circular MSM PDs, and (b) square MSM
PDs.

2.2.1 On-Wafer MSM PD Fabrication

For on-wafer MSM PDs, the metal fingers and electrical contacts were directly
deposited on the compound semiconductor, and the probing pads were fabricated
separately on dielectric material. The probing pads for the impulse response and
bandwidth measurements were designed to match the shape of the ground-signal-ground
(GSG) micro probing tips with 100 pm or 150 pum pitch. The area of the probing pads is
much larger than that of MSM PDs, resulting in high parasitic capacitances if probing
pads are directly depoéited onto..t.he semiconductor. To decouple the capacitance that
arises from the probing pads, an isolation layer (low dielectric constant material) was
used under the probing pads. In this research, conventional benzocyclobutene (BCB,
Cyclotene 35) and photodefinable BCB (Cyclotene 4000 series) were explored as the
isolation material.

First, the photolithography and metallization of the interdigitated electrodes and

contact pads were fabricated in the same way as I-MSM PDs. The metallization for the
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square MSM PDs was Ti/Pf/Au (300}'13;/400 A/2500 A). The curing temperature for
conventional BCB is as high as 220°C to 245°C, so the Pt layer is necessary to‘prevent
diffusion of gold atoms in’;o the semiconductor. After deposition of the MSM fingers, |
conventional BCB (3022-35) was spin-coated onto the surface of the square MSM arrays,
resulting in a BCB thickness of approximately 1.6 pum. This 'BCB layer served as
dielectric isolation between the probing pads and the compound semiconductor surface.
The samples were cured at 220 °C~245 °C in a nitrogen flow oven for 1 hour. To avoid
any loss of incident optical power due to BCB layer reflection and to minimize induced
parasitic capacitance between the fingers of the MSM PDs, a window on each MSM
active area was opened by reactive ion etching (RIE) with SFe and O,. The final thickness
of the BCB after RIE etching was approximately 1.1 pm. Finally, probing pads of Ti/Au
(300 A/5000 A) were deposited to form electrical connections between the testing pads
on the BCB layer and the MSM PD metallization on the compound semiconductor.
Figure 9 (a) shows a photomicrograph of an on-wafer square MSM with 1/3 um finger
width/gap and an absorbing area of 50 pm by 50 pm.

The metallization'.of the interdigitated electrodes for circular on-wafer MSM PDs
was Ti (300 A)Au (3000 A). Photosensitive BCB (4022-35) was used as dielectric
isolation for on-wafer circular MSMs. After electrode metallization, the photosensitive
BCB was spin-coated onto the sample. The windows for the active MSM PD areas were
defined by photolithography with exposure at a wavelength of 365 nm. The BCB window
was opened with an immersion developer (Cyclotene™ DS3000). Then the samples were
cured in a nitrogen flow oven for 1 hour at 200 °C. The resulting BCB thickness was

approximately 3 pm. Figure 9 (b) is a photomicrograph of an on-wafer circular MSM
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with finger width and gap of 1/3 um and an absorbing region diameter of 50 um. The
photosensitive BCB process offers thicker isolation and fewer fabrication steps (omitting

masking and dry etch steps) compared to the conventional polymer isolation processing.

(b)
Figure 9: On-wafer MSM PDs with BCB isolation layers: (a) Square MSM PD with

1/3pum finger spacing and a 50 um/50 pm active area and (b) Circular MSM PD with 1/3
um finger spacing and active region diameter of 50 pm.

2.2.2 Calibration Structures for On-Wafer MSM PDs
A 50 Q Ni/Cr resistor was fabricated on the isolation layer as a calibration

structure for on-wafer MSM PD measurements. The fabrication followed the same
process as the Ni/Cr resistor for I-MSM calibration. Figure 10 shows the Ni/Cr resistor

for on-wafer MSM PD measuring calibration. :
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Figure 10: Resistor on the same substrate.
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CHAPTER 3
ON-WAFTER MSM PD TESTING RESULTS

The measurements for on-wafer MSM PDs include dark current, responsivity,
impulse response, bandWidth, and c'apacitance. First, the measured results were used as
inputs for statistical analysis and modeling. Then the measured results of MSM PDs
which were not used in the model construction were used to 6ompare the predicted values
to the measurements. The model construction and prediction will be discussed in the next
chapter. In this chapter, the measured results of on-wafer MSM PDs will be presented for
varied finger width and spacing, active area size, and absorbing layer thickness. For the

AC analysis, measurement results are also given for different bias voltages.

3.1 Measurement Setup

The DC characterization and impulse response measurements were performed on
the Cascade Microtech probe station. The responsivity of the MSM PDs were measured
using a lensed single mode fiber (minimum spot size of 5 um) with surface normal
illumination at wavelengths of 1.3 pm and 1.55 pm. Both the photocurrent and dark
current data were taken with a Labview acquisition program. The impulse response was
measured with surface normal illumination of an IMRA fiber laser with 500 fs pulse
width at a wavelength of 1.55 pm, and displayed on a Tektronix 50 GHz sampling
oscilloscopé (TDS 8000 series). Figure 11 shows the diagram of the impulse response

measurement setup. The bias tee and ground-signal-ground (GSG) microprobe used for
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the high speed measurement were an INMET® 8810EM with a 40 GHz bandwidth and a

Cascade MicroTech® ACP 65 with a 65 GHz bandwidth, respectively.

Imra 0.5ps TDS 50GHz sampling
Pulsed Laser oscilloscope
SM fiber i DC Power
: Supply (SMU)
Attenuator
Splitter [~
P r;LF [rl Bias tee
‘.’i l':
1

Mircrowave

‘tf?
;
: probe

DUT (device
under test)

- 1 }
MicroTech -

Probe station

Figure 11: Diagram of the test setup for the impulse response.

The bandwidth of the MSM PDs was measured using a HP§703A Lightwave
Component Analyzer (LCA) at a wavelength of 1.3 pm in conjunction with a Microtech
probe station. The single mode lensed fiber was used again for better coupling of light to
the MSM PDs because misalignment of the input fiber to the MSM PDs will result in
power loss and significant frequency respénse degradation if the low electric field regions
outside the active area are illluminated. The lightwave component analyzer was calibrated
with on-wafer calibration structures using the Short-Open-Load (SOL) method *. The
load in the calibration utilized a Ni/Cr thin film resistor of 50 Q. Data was gathered for

each test run between 1 GHz and 20 GHz using BenchLink data acquisition software.
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3.2 DC Characteristics

3.2.1 Dark Current Measurement and Analysis
The dark current of MSM PDs comes from the leakage of the Schottky contact
electrical fingers at the metal/semiconductor interface. It increases with bias voltage and
saturates at high bias before break down..In this measurement, all dark currents were
taken at a bias of 5 V, and in general, they‘ were less than 20 nA for PDs with size smaller
than 80 pum in diameter. Because material 109 has a thinner InAlAs cap layer, the dark
current of PDs fabricated from material 109 was higher than PDs on material 219. Dark
currents takeﬁ from other thin absOrbing layér MSM PDs are similar to PDs on material
219 due to the same thickness of the InAlAs cap layer. Table 2 compares the dark current
for MSM PDs on maten'ai 219 and material 109. The dark currents were measured using
a Keithley 236 Source Measure Unit (SMU).

Table 2: The dark currents for a variety of MSM PDs on material 109 and material 219.
The average currents are taken exclude the PD of D80/1/2 on 219 and D40/1/2 on 109,

which are anomalously high.

Material | MSM Finger width/spacing in units of um Average
diameter | 1/ 1/2 173 2/2 2/3
Material | pgoym | 52nA | 224nA | 12nA | 22nA | 2.0nA | 2.65nA
219 (400
A D60pum | 3.0nA | 2.6nA | 24nA | 1.8nA | 20nA | 24nA
InAlAs)
D40 um | 1.2nA 1.4nA | 09nA 1.2nA | 09nA 1.1 nA
Material | pgy um | 403nA | 28.6nA | 403nA | 47.3nA | 48.1nA | 40.9nA
109 (300
A D60 um | 24.6nA | 242nA | 24.0nA | 24.8nA | 33.4nA | 26.2nA
InAlAs)
D40 um | 12.4nA | 33.6nA | 9.8nA | 12.0nA | 95nA | 10.9nA
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In general, dafk cur‘rent‘s'are aA good indication of the quality of the wafer: any
localized defects in one area of the material may cause a high dark current of that MSM
PD, and this explains the dafk currents ‘of PD D80/1/2 on material 219 and D40/1/2 on
material 109, which are much higher than adjacent MSM PDs. However, from Table 2,
the trend of dark current with varying size, finger width and spacing is clear: (1) MSM
PDs on material 109 have a higher dark current, probably due to the thin InAlAs cap
layer; (2) dark currents are‘higher for PDs with larger size; and (3) dark current is not
sensitive to varying finger widths and gaps.

Low values of the dark current are extremely sensitive to the contact of the
probing tips to the electrical contacts of the MSM PDs and fluctuation (noise) from the
testing equipment (SMU). While measuring higher currents, the dark current curve as a
fuﬁction of voltage bias is smoother and the testing result is more accurate. So the dark
currents from material 109 at higher average values are more precisely recorded than
dark currents for PDs on material 219.

A careful evaluation of the average dark currents for PDs on material 109 reveals
that the dark current is roughly proportional to‘ the PD size. The ratio for the active area
size for PDs with diameter of 80 pum, 60 pm, and 40 pm is 4 : 2.25 : 1, while the ratio for
the corresponding dark current is 3.75 : 2.40 : 1 on material 109.

For applications such as MSM PDs integrated onto CMOS photoreceivers, the
dark current of PDs is not a major source of noise because receiver noise dominates if the
MSM dark current is less than 1 pA. In this research, the PDs on material 109 have the

highest dark current (several tens of nanoamperes), which is much lower than the circuit
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requirement, thus the research herein focuses on other critical characteristics of MSM

PDs, such as responsivity, speed, and capacitance.

3.2.2 Responsivity Measurement for Square On-Wafer MSM PDs

The responsivity of PDs increases with increasing of absorbing layer thickness,

and decreases with the finger shadowing percentage for on-wafer MSM PDs. Herein,

responsivity was first investigated in relation to the finger gap and photoaétive area size

on square MSM PDs. These MSM PDs were fabricated from Bandwidth® material with a

7400 A absorbing layer thickness. The finger width was set at 1 um with a varying finger

gap of 2 um and 3 pm. The sizes of these MSM PDs were 20 pm x 20pm, 40 pm x 40

pm, and 50 pm x 50 pm square. The measured responsivities are shown in Table 3. The

PDs with the same finger gap and width (shadowing percentage) have similar

responsivity for different sizes. A detailed modeling for responsivity as a function of size

and finger gap will be presented in the next chapter.

Table 3: Responsivity measurement results for square on-wafer MSM PDs with varying

finger gap and photoactive area size.

Measurement Finger gap (G) Size (S) Responsivity (A/W)
1 2 ym 40 pm 0.4153
2 3 pym 40 pm 0.4646
3 2 pm 50 pm 0.4216
4 3 pm 50 pm 0.4695
5 1 pm 20 pm 0.4438
6 2 pm 20 pm 0.4060
7 3 pm 20 pm 0.3883
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3.2.3 Responsivity Measurement for Circular On-Wafer MSM PDs.

The responsivity measurements of on-wafer square MSM PDs shows that the size
of the MSM PDs hag little efféct. on the PDs responsivity unless the input fiber is
misaligned. In this section, a more complex analysis of the responsivity for circular on-
wafer MSM PDs ,Qa_siinvéstiéatéd ‘tbo :asf:enéill the relationships between material
thickness, finger w_idth, and finger gap. The responsivity was measured under 1.3 pm
laser illumination at a 5 V bias for MSM PDs. The results are shown in Table 4. The
modeling of responsivity as a function of finger width, spacing, and absorbing layer

thickness will be discussed in the next chapter.

Table 4: The responsivity of on-wafer MSM PDs on different materials. The first row
shows the finger width/gap of PDs. The responsivity has units of A/W.

Wafer # 1/1 pm 1/2 um 1/3 pm 22pum | 2/3 pum
(absorbing layer
thickness

217(0.1pm) | 0.03545 | 0.04158 | 0.05362 | 0.03972 | 0.0441
218 (0.2um) | 0.07894 | 0.10557 | 0.11491 | 0.08552 | 0.09642
219 (0.3um) | 0.10444 | 0.14728 | 0.16542 | 0.12123 | 0.14351
109 (0.5um) | 0.16027 | 021933 | 025567 | 0.17458 | 0.2125

3.3 Impulse Response

The impulse responses were measured with the test setup discussed in section 3.1.
The system was calibrated with a commercial photodetector with a 45 GHz bandwidth
from New Focus®. The measured pulse for this commercial PD is shown in Figure 12,

and has a full width at half maximum (FWHM) of 20 ps. The impulsé responses of on-

31



wafer MSM PDs arrays were measured for varying absorbing layer thickness, finger

width and finger spacing and voltage bias.
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Figure 12: The measured impulse response of a New Focus 45 GHz photodetector.

3.3.1 Impulse Response of Varying Finger Width and Spacing

The transit time of carriers varies with the finger width and spacing due to the
nonlinear distribution of the electric field in the MSM PDs. In Figure 13, the impulse
response is plotted as a function of varying finger width and spacing for PDs with active
area diameter of 80 pm on materlal 219 (3000 A absorbing layer thickness) at a bias of 9
V. The PDs w1th 80 um actlve area were selected because the fiber misalignment can be
eliminated (since this is a large size PD). The impulse responses of PDs on other

materials and with smaller active area size displayed similar behavior.
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Figure 13: Impulse resp.onse with \;ax;ying finger width/spacing for on-wafer MSM PDs at
size of 80 pum on material 219. :

In Figure 13, the 1/1 um device has a much more compressed tail than the other

MSM PDs. The MSM PDs with 1/2 um and 2/2 um have very similar responses to each
other, and the impulse responses of MSM PDs with 1/3 pm and 2/3 pm finger
width/spacing are almost identical to each other. The electric field distribution between
electrodes is similar for MSM PDS with the same finger spacing but different finger
width. Therefore, the finger width Hés little effect on the impulse response of on-wafer
MSM PDs since most carriers are generated between electrodes and will experience the
same acceleration by the electric field. The impulse response can be roughly divided into
two regions: the “pulse part” which can be examined as the FWHM, and the “tail part”
which can be studied as the fall time of the pulse. It is interesting to note that the FWHM
of the 1/1 um finger width/spacing PD (26.30 ps) is wider than other PDs with wider

finger spacing. The “pulse part” of the response mainly comes from electron current, and
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the “tail part” m'a'iknly comes from the slow rpoti'on carriers (holes). Since the tail of the
impulse is dominated by the'holesl, the PD with 1 Qm finger spacing has more carriers
collected in the time péﬁod of the “pulse part”, resulting in a wider FWHM, and fewer
carriers to collect in the tail, 'result‘ing' in a compressed tail. In contrast, for MSM PDs
with 2 pm and 3 pm spacings, there are fewer holes collected in the “pulse part” and
therefore more holes have to be collectéd in the “tail part”, and this leads to a narrower
pulse width but longer tail. The heavy dependence of the impulse response on finger

spacing indicates that these MSM PDs are transit time limited.

3.2.2 Impulse Responses at Different Bias Voltage

The drift velocity of the electrons increases with the eléctric field, and then
decreases with increasing electric field as the voltage bias continue to increase (the Gunn
effect). The drift velocity of holes increases monolithically with electric field and
saturates at a high voltage bias. Thus, the impulse response of MSM PDs also displays
strong voltage bias dependence, as shown in Figure 14. In this figure, the impulse
responses of MSM PDs fabricated on material 219 at a-size of 80 um with finger
Width/spacing of 1/1 um is plotted for voltage biases from 2 V to 11 V. The tail is bigger
at a lower bias and compressed significantly at biases higher than 5 V. The impulse
response changes only slightly from biases of 7 V to 11 V, which indicates that most of
the holes travel at their saturation velocity at biases higher than 7 V for PDs with finger

spacing of 1 pm for this material structure.
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Figure 14: The impulse responses of circular MSM PDs with 1 pm finger spacing at
voltage biases from2 Vto 11 V.

3.2.3 Impulse Response with Different Absorbing Layer Thickness

The analysis of the non-linear distribution of the electric field in MSMs with
different absorbing layer thicknesses is rather complex. The electric field .strength
decreases rapidly as a function of depth in the absorbing layer. The photogenerated
carriers near the surface have a faster drift velocity than carriers generated deep in the
absorbing layer. Also, carriers generated deep in the absorbing layer have a longer transit
distance to the electrodes. Therefore, reducing the absorbing layer thickness is an
effective way to shorten the transit time of slow carriers. The improvement in speed
performance for thin absorbing layer MSM PDs is at the sacrifice of the PDs responsivity

due to fewer photogenerated carriers. Figure 15 shows a plot of PD impulse responses\
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with absorbing layer thicknesses of 1000 A, 2000 A, and 5000 A at bias of 9 V. In Figure
15 (a), the impulse amplitude of the PD on material 109 (5000 A InGaAs) has the highest
value and the impulse ampljtude on material 217 (1000 A InGaAs) has the lowest. This
agrees with expcctatioﬁ, since material 217 has thinnest absorbing layer thickness. In
Figure 15 _(b)_, the normalized impulse plot reveals that the tail of the impulse is
compressed wfth deéreasing abs;)rbin‘g léyer fhickness. The fastest response of PD on
material 217 among all comes from the reduced transit time of carriers due to thin

absorbing layer thickness. |
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Figure 15: Impulse response of on-wafer circular MSM PDs with different absorbing
layer thickness, where (a) is the impulse response without normalization and (b) is the
normalized impulse response.

3.2.4 PD Impulse Responses with Different Absorbing Areas

The external RC time delay also has an impact on the speed performance of the
MSM PDs. Although the capacitance of the MSM PD is a function of finger width, finger
spacing, and PD size, the active area size is the rhost significant term. Thus, it is
worthwhile to study the impulse reéponse variation wjth PD size. The measurement
results for MSM PDs with active area diameters of 40 pm, 60 um, and 80 um with finger
width/spacing of 1/1 pm on material 219 are shown in Figure 16. The impulse response
of the MSM PD with a diameter of 80 pum has a slightly longer tail than MSM PDs of

smaller sizes. The fall-time of the tails (from 90% to 10%) for MSM PDs of diameter of
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80 um, 60 pum, and 40 pm are 49 ps, 41 ps and 45 ps, respectively. The différences in the
fall times are moderate, although the capacitance of the 8'0 pm PD is 4 times larger than
40 pm PD, as calculated from thgtion (1.18). This means that the external RC time
delay is less dominant than -thé transit time of the Pbs on material Qith 3000 A absorbing

layer of InGaAs with a diameter of 80 pm or less.
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Figure 16: The impulse resporises for on-wafer circular MSM PDs with varied active
area.

3.4 Bandwidth

Circular MSM PDs generate a high level of interest because they match the shape
of the light emission from typical optical fibers. The bandwidth (s-parameter s21, optical
to electrical) was measured using a HP 8701A Lightwave Component Analyzer which

has a bandwidth of 20 GHz. The test setup was discussed in Section 3.1. Figure 17 shows
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a typical plot of bandwidth (s21 in units of db) as a function of frequency in é semi-log
scale for MSM PDs with varying finger widths and spacings. Other MSM PDs have
bandwidth plots of similar shape but different -3 dB frequencies. Table 5 lists a summary
of the bandwidth of MSM PDs with varyian absorbing layer thicknesses, finger widths,

finger spacings, and active area sizes at a bias of 11 V.

(a)

Figure 17: Bandwidth measurement of PDs with active area diameter of 80 pm on
material 219 with varying finger width/spacing.

Ten MSM PDs with the same size, finger width, and finger spacing on the same
material measured from two different fabrications runs differed by less than 10% in
bandwidth. Muitiple measurements were also conducted on the same detector several
times to test the repeatability of the measurement, and resulted in less than 5% deviation.

In Table 5, bandwidth (-3 dB frequency) is summarized for PDs on different materials
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with different finger widths and gaps in the first row, and diameter size of the active area

of the MSM PDs in the first column.

Table 5: Measured bandwidths (Hz) of circular MSM PDs. The left column lists the
MSM PD diameter and the first row lists the finger width/finger gap.

1/2 pm 1/3 pm 2/2 pm 2/3 pm
Devices fabricated on wafer with 0.1um InGaAs absorbing thickness
D40 pm 7.30G 4.05G 7.48G 3.50G
D50 pm 7.02G - 3.43G 7.15G 3.32G
D60 pm 6.66G. 291G 6.55G 3.07G
Devices fabricated on wafer with 0.2um InGaAs absorbing thickness
D40 pm 7.03G 3.85G 7.20G 3.14G
D50 pm 6.88G 3.25G 6.86G 3.02G
D60 pm 6.52G 2.64G 5.36G 2.70G
Devices fabricated on wafer with 0.3um InGaAs absorbing thickness
D40 pm N/A 3.36G 7.13G 3.06G
D50 pm 6.79G 2.99G 6.22G 2.8G
D60 pm 635G 2.53G 6.13G 2.45G
Devices fabricated on wafer with 0.5um InGaAs absorbing thickness
D40 pm 6.97G 2.77G 7.02G 2.61G
D50 pm 6.65G 2.61G 6.11G 2.39G
D60 pm 6.04G 2.15G 5.73G 2.22G

3.5 Capacitance

The capacitances of MSM PDs were measured using the HP LCA in
collaboration with Dr. Martin Brooke’s group. The LCA was calibrated with on-wafer
structures of open, short, and a 50 Q Ni/Cr resistor. The scatter matrix of s22 data was -

taken for both amplitude and phase, and then converted to capacitance as a function of
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frequency. The measured capacitéhce was high at low frequency and saturated quickly
with increasing frequency at roughly 2 GHz The high capacitance value at low frequency
is due to LCA calibration optimized at high frequency, not at low frequency. Table 6 lists
the calculated capacitance at 10 GHz for circular MSM PDs with different sizes, finger
widths, and finger spacings. The capacitance of MSM PDs is determined by the geometry
and material dielectric constant and do not sensitive with the absorbiﬁg layer thickness.
The capacitances of circular on-wafer MSM PDs were then fit into a statistical model,

which will be discussed in the next chapter.

Table 6: The capacitance values of circular on-wafer MSM PDs (units of fF). The first
row is the finger width/gap, and the first column is the diameter size of MSM PDs.

1/1 pm 1/2 ym 1/3 um 2/2 pm
D 40 pm 59.7 44.5 35 42.8
D 50 ym &3 64.5 52 66.5
D 60 pm 130.3 84 75.7 106
D 80 pm 197.5 143.3 107 160.5
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CHAPTER 4

STATISTICAL ANALYSIS OF ON-WAFER MSM PDS USING A
| DOE MATRIX

4.1 Statistical Modeling of MSM PDs Using a DOE Matrix

1*! was developed for

In this research, a two-level, multi-parameter DOE mode
MSM PD modeling. One objective of this thesis is to explore whether DOE modeling is a
valid prediction tool for MSM design, and in the case of capacitance, whether DOE is
superior to theoretical conformal mapping for MSM capacitance prediction. The input
variables are A, B, C, and the output is Y. To have a two-level DOE analysis, each input
must have two different values: low and high. The total number of runs for full factorial

DOE is calculated as:

total # of runs = (# of levels)* ¥Perameters. 4.1)

A total of 8 runs are required for a 3-parameter, 2-level DOE system analysis. In
Table 7, a list shows how high and low values are assigned to each parameter. After the
tests are set up according to Table 7, a design matrix is constructed in order to build a
model based on these data. In this research, a linear model is used to keep the calculation
simple. Table 8 shows the design matrix for the experimental design for a 3-input, 2-level

analysis.
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Table 7: Runs required for a 3-parameter 2-level DOE analysis.

Run A (input) B (input) C (input) Y (output)
1 Low Low Low
2 Low Low High
3 + | Low | High Low
4 Low High High
5 High Low Low
6 High Low High
7 High High Low
8 High High High
Table 8: Experimental design matrix for 3-input, 2-level analysis
Effect of single input Effect of interaction of 2 Effect of | Output
: s inputs interaction
of 3 inputs
Run A B C AB BC AC ABC Y
1 -1 -1 - -1 1 1 1 -1
2 -1 -1 1 1 -1 -1 1
3 -1 1 -1 -1 1 -1 1
4 -1 1 1 -1 -1 1 -1
5 1 -1 -1 -1 -1 1 1
6 1 -1 1 -1 1 -1 -1
7 1 1 -1 1 -1 -1 -1
8 1 1 1 1 1 1 1
AVg (+1) A B Ca AB, BC; AC, ABC; Yavg
Avg (-1) A+| B+1 C+1 AB+1 BC+1 AC+1 ABC+1
Delta AA AB AC AAB ABC AAC AABC

In the two-level case, the average (+1) is obtained by summing all Y values with

high value inputs, and the éverage (-1) is obtained by summing all Y values with low

value inputs. The delta value in the last row of Table 8 is the result of the difference

between Avg (+) and Avg (-), which can be expressed as:

AX = Y(+X)-D Y (-X),

where X is any input variable (A, B, C) or a combination of the input variables.

(4.2)

A least squares regression model is used herein, which can be simplified as:
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3} = Yorg + AA;Ac + AB;Bc + AC;Cc + AAB;ABc + ABC;BCc + AAC;ACc + AABC;ABCc . (43)

The above equation includes the effect from independent variables (A, B, C), and
effects from interactions between independent variables (AC, BC, AC, ABC). Variables
with subscript ¢ are coded setting variables, which relate to the actual values denoted
with subscript a as:

X, = Xu+XL + (XH-X1) X X

> 2 c, 4.4)

where X, is the setting value of each independent variable. Xy and X; are the
experimental high value and low value, respectively. From this equation, it is possible to
calculate the expression for the coded setting variables:

_ 2Xa—(Xu+X1) '
Xe= Xu-Xr (4.5)

The predicted model for Yis expressed with coded values. Thus, we can insert Equation

(4.5) into Equation (4.3), and get the expression for ¥ as a function of the setting values

of each variable.

4.2 Responsivity Analysis and Modeling Using DOE
4.2.1 Responsivity modeling for Square MSM PDs

In this section, the responsivity of square MSM PDs will be studied with respect
to finger gap and active area size. The high aind low setting levels are 3 pm and 2 pm for
finger gap, and 60 pm and 40 pm for ac%[ive area size. .Table 3 lists the measured
responsivity a 2-level, 2-parameter DOE matrix construction, and Table 9 shows the DOE

design matrix.
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Table 9: DOE matrix for responsivity analysis of MSM PDs.

Run G S GS Responsivity (R)
(A/W)
1 -1 -1 +1 0.4153
2 +1 -1 -1 0.4646
3 -1 +1 -1 0.4216
4 +1 +1 +1 0.4695
Avg (+1) 0.46705 0.44555 - 0.4424 0.44275
Avg (-1) 0.41845 0.43995 0.4413
Delta 0.0486 0.0056 0.0007

From Equation (4.3), we can express the responsivity of the MSMs as the

following:
R= ﬁ+—Angc+%S—Sc+—A—g§-GcSc
=0.44275 + 20486 G 1. 00036 ... =0.0007 G5
and
Ga = GH+GL |, GH-GL ¢,
2 2
=243, 1
===+ Ge
So,
_Ga=25 _ e _
Ge= 05 2Ga-5.
Similarly,
_ SH+SL , SH=SL ¢, _ 40450 , 10
Sa = CERR Sc = > +2SC'
So,

S =544 =0.25, -9.

Substituting Equations (4.8) and (4.10) into Equation (4.6), results in:
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R=0.44275 + 0.0243 (2Ga-5) + 0.0028 (0.2Sa-9) - 0.00035 (2Ga-5)(0.2Sa-9) .(4.11)
Equation (4.11) then is simplliﬁed as:
R= 0.2803+0.0549Ga+0.000091S2-0.00014GaSa . (4.12)
Equation (4.12) is the régression équation for responsivity for the square MSM
PDs derived directly from measured data. The coefficients of the size of the MSM PDs
and the interaction term aré much smaller fhan the coefficient of the finger gap. So, the
responsivity is dominated by the finger gap for a particular material structure. This agrees
with the expectation from the empirical analysis of responsivity. Equation (4.12) is then
used to compare the predicted results with the measured results for other MSM PDs that
were not used to formulate the regression, as shown in Table 10. The MSM PDs all have
a size of 20 pm x 20 um and finger width of 1 pum, but varied finger spacing of 1 um, 2

pm and 3 pm. The average prediction error is 4.36%.

Table 10: The calculated responsivity in comparison to measured results.

Finger width/gap Responsivity Responsivity Prediction Error
(um) predicted (A/W) measured (A/W)
1/3 pym 0.4548 0.4438 2.5%
1/2 pm 0.4024 10.4060 0.88%
1/1 pm 0.3506 0.3883 9.7%

4.1.2 Responsivity Modeling Using Rs/Discover for Circular MSM PDs

Based on the analysis in the previous section that the responsivity is independent
of the PD size, the modeling of responsivity for circular MSMs will focus on finger width,

finger gap, and absorbing layer thickness. To obtain the necessary data for modeling the
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MSM PD responsivity, a 23 full factorial experimental design was employed. The input
variables were finger width, finger gap, and material absorbing layer thickness. The low
and high levels for the input variables are 1 pm and 2 pum for the finger widths, 2 pm and
3 pm for thé finger gapé, and 0.1 pm éhd 0.5 | pm for the absorbing layer thicknesses. The
experiment consisted of 8 runs. The commercial statistical software package
RS/Discover*? was uséd to analyze the results of the experiment and to generate a linear
model for the responsivity. The coefficients in the model and the level of significance of
each of the main effects and the two-factor interactions are summarized in Table 11. The
terms are in coded format (with subscript ¢) where FW, FG, and MT represent finger

width, finger gap, and material absorbing thickness, respectively.

Table 11: DOE table for responsivity analysis.

Term Coefficient Significance level (p-value)
Constant 0.130137

FW. -0.012412 0.0591

FG, 0.011335 0.0646

MT, 0.085383 0.0086
FW.xFG, -0.000760 0.6295
FW.xMT, -0.009567 0.0765
FG.xMT, 0.007230 0.1008

The significance level (p-value) is a measure of the impact of a term on the
response. The smaller the p-value the more significant the term is. As indicated by the
smallest p-value, the most significant term is the thickness of the absorbing layer (as
expected). A simpler and yet accurate model can be obtained by eliminating some of the

terms of the model based on the p-value. The typical criterion for including a term in the
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model is that the p-value for that term should be less than or equal to 0.1, leading to less
than 1% error in the output. Using this criterion, all of the main effects are retained in the
model as well as the interaction between the thickness of the absorbing layer and the

finger width. The statistical model equation for the responsivity is:
R=0.130137-0.012412xEel3 1.0,011335 £Ga23 4

‘ , (4.13)
0.085383 x MLs=03 | (4 0007323 x £Ha=1.5 , MTa—0.3

0.2 0.5 0.2
where FW,, FG,, and MT, are the physical values of the input variables. Equation (4.13)
can be rewritten in a céncisé format as:

A

R =-0.0174-0.02248 FW +0.0227FG + 0.4269MT

(4.14)
+(0.0146FW —0.022) x (SMT —0.6667)

The measured responsivity data from MSM PDs that were not used to construct
the statistical model were then .compared to the output of Equation (4.14). Table 12
shows the measured and predicted values for these MSM PDs. The average prediction
error is 10.35%.

This analysis indicates that the material thickness dominates the responsivity of
the MSM PDs, and that the finger width and finger gap have a similar, smaller influence
on the responsivity. This is as expected, as the incident optical power is absorbed by the
InGaAs material, which decays exponentially from the surface of semiconductor. This
was shown in Equation (1.6) in Chapter 1. For the very thin absorbing layer material,
only a fraction of the incident optical power is absorbed by the PD absorbing layer, and
thus, the responsivity is small. The ratio of finger width to finger gap determines the

percentage of the incident optical power reflected. Thus, the finger width and finger gap
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are expected to have the same order of signiﬁcance for responsivity, as are verified by the

similarity of the significance level of these two terms.

Table 12: Comparison of measured responsivity with the predicted responsivity by
Equation (4.14). The first column lists the MSM PDs in a format of absorbing layer
thickness/finger width/finger gap in units of pm.

Responsivity Responsivity Prediction Error

Measured Predicted
(A/W) (A/W)
PD #1 (0.1/1/1) 0.0355 0.0305 14.01%
PD #2 (0.2/1/1) 0.0789 0.0695 11.94%
PD #3 (0.3/1/1) 0.1044 0.1085 3.93%
PD #4 (0.5/1/1) 0.1603 0.1865 16.43%
PD #5 (0.2/1/2) 0.1056 0.0922 12.68%
PD #6 (0.2/1/3) 0.11485 0.1149 0.48%
PD #7 (0.3/2/3) 0.0964 0.0827 14.22%
PD #8 (0.3/1/2) -0.1473 0.1312 10.9%
PD #9 (0.3/1/3) 0.1654 0.1539 6.97%
PD #10 (0.3/2/2) 0.1212 0.1064 12.24%
PD #11 (0.3/2/3) 0.1435 0.1291 10.07%

4.3 Bandwidth Modeling for Circular MSM PDs Using DOE

The bandwidth analysis for circular MSM PDs includes a 2* full factorial analysis
of 4 variables on 2 levels. The input variables are finger width from 1 um to 2 pm, finger
gap from 2 pm to 3 um, detector diameter from 40 pm to 60 um, and InGaAs absorbing
layer thicknesses from 0.1 pm to 0.5 pm, where the smaller physical values were

assigned as the low input levels and the larger physical values were assigned as the high

49




input levels. The statistical analysis for bandwidth was conducted using Rs/Discover for a
full factorial DOE.

Table 13 lists the simulated results with least square coefficients and significance
of variances for each term and interaction of two terms. The subscript “c” denoted the
terms .were in coded format where FW, FG, S, and MT represent finger width, finger gap,
active area diameter, and the material absorbing thickness, respectively. All variables

have the units of micrometers.

Table 13: Bandwidth analysis with DOE table for circular MSM PDs.

Term - Coefficients Significance of variances
Constant 4.811875

FW, -0.044375 0.5136
FG, -1.903125 0.0001
Se -0.399375 0.0015
MT, -0.378125 0.0019
FW.sFG, -0.016875 0.8000
FW,xS, 0.016875 0.8000
FW xMT, -0.004375 0.9474
FGxS, 0.078125 0.2709
FG.xMT, -0.095625 0.1904
SexMT, -0.006875 0.9175

It is noteworthy that the independent variables with the exception of the finger

width have a higher level of significance of variance for smaller values than the
interaction terms (combinations of two independent variables). Using a significance of
variance cut off of 0.5200 for an estimated error less than 1%, the least square regression

equation was calculated as:

50



A

BW =4.811875 -0.044375x%;'51-—5- 1.903125x £G6:52—5- 0.399375 x Sa=30

0 . (415
0378 MT=03 | 078125 x FGa=2.5 , Sa=50 _ () 095625 x FGa=2.5  MTa-0.3

0.2 0.5 10 0.5 0.2

Combining terms, Equation (4.15) can be simplified as:

A

BW =17.0247 - 0.0888 x FW —3.8063x FG — 0.0399x §
~1.8906x MT +(0.15625% FG - 0.390625)x (0.1S —=5) . (4.16)
~(0.19125x FG ~ 0.478125) x (5x MT — 0.6667)

Equation (4.16) was then‘used to prédict the bandwidth of other MSM PDs that
were not used in the DOE model construction, as shown in Table 14. The average
prediction error was 3.31% for MSM PDs (30 PDs) with variable values that were
between the high and low values of the input parameters.

The bandwidths of PDs are determined by the intrinsic transit time and external
RC time constants. The significance of variances from the DOE tables indicates that the
finger gap is the dominant factor for bandwidth. This implies that the bandwidths of these
- MSM PDs are transit-time limited. The minimum finger gap used in the DOE modeling
is 2 pm, while the absorbing layer thickness varied from 0.1 pm to 0.5 pm. Thus, the
lateral distance for photogenerated carriers to travel is much longer than the longitudinal
distance. Through the DOE analysis, it is clear that the RC time delay is not as signiﬁcant
as the transit time delay for these MSM PDs to determine the bandwidth. However, the
RC time delay may eventually become comparable to the transit time delay if the finger

gap is reduced continuously ',
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Table 14: Measured bandwidth compared to the predicted values.

Bandwidth Bandwidth Prediction Error
A Measured Predicted
PD #1 (0.1/50/ 1/2)" 7.07 GHz 7.04 GHz 0.4%
PD #2 (0.1/50/1/3) 3.43 GHz 3.42 GHz 0.09%
PD #3 (0.1/50/2/2) | 7.15 GHz 6.95 GHz 2.75%
PD #4 (0.5/50/2/3) 3.32 GHz 3.33 GHz 0.55%
PD #5 (0.2/40/1/2) 7.03 GHz 7.37 GHz 4.95%
PD #6 (0.2/40/1/3) 3.85 GHz 3.51 GHz 8.79%
PD #7 (0.2/40/2/2) 7.20 GHz 7.28 GHz 1.24%
PD #8 (0.2/40/2/3) 3.14 GHz 3.42 GHz 8.99%
PD #9 (0.2/50/1/2) 6.88 GHz 6.90 GHz 0.29%
PD #10 (0.2/50/1/3) 3.25GHz 3.19 GHz 1.84%
PD #11 (0.2/50/2/2) 6.86 GHz 6.81 GHz 0.70%
PD #12 (0.2/50/2/3) 3.00 GHz 3.10 GHz 3.37%
PD #13 (0.2/60/1/2) 6.52 GHz 6.42 GHz 1.49%
PD #14 (0.2/60/1/3) 2.64 GHz 2.86 GHz 8.67%
PD #15 (0.2/60/2/2) 5.36 GHz 6.33 GHz 18.17%
PD #16 (0.2/60/2/3) 2.70 GHz 2.78 GHz 2.96%
PD #17 (0.3/40/1/3) 3.36 GHz 3.27 GHz 2.54%
- PD #18 (0.3/40/2/2) 7.13 GHz 7.14 GHz 0.25%
PD #19 (0.3/40/2/3) 3.06 GHz 3.18 GHz 4.11%
PD #20 (0.3/50/1/2) 6.79 GHz 6.76 GHz 0.45%
PD #21 (0.3/50/1/3) 2.99 GHz 2.95 GHz 1.23%
PD #22 (0.3/50/2/2) 6.13 GHz 6.19 GHz 1.03%
PD #23 (0.3/50/2/3) 2.8 GHz 2.86 GHz 2.30%
PD #24 (0.3/60/1/2) 6.35 GHz 6.28 GHz 1.07%
PD #25 (0.3/60/1/3) 2.53 GHz 2.63 GHz 4.03%
PD #26 (0.3/60/2/2) 6.13 GHz 6.19 GHz 1.03%
PD #27 (0.3/60/2/3) 2.45 GHz 2.54 GHz 3.80%
PD #28 (0.5/50/1/2) 6.65 GHz 6.48 GHz 2.6%
PD #29 (0.5/50/1/3) 2.61 GHz 2.48 GHz 5.0%
PD #30 (0.5/50/2/2) 6.10 GHz 6.39 GHz 4.72%
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4.4 Capacitance Modeling for Circular MSM PDs Using D()E

The capacitance statistical model of circular on-wafer MSM PDs include a 23 full
factorial experiment design with input variables of finger width, finger gap, and active
area diameter. The low and high levels ar’e 1 pm and 2 pm for finger width, 2 pm and 3
pm for finger gaps, and 40>um» and 80 pm for the active area diameter sizes. The

experiment consisted of 8 runs and is listed in Table 15.

Table 15: The input matrix for Rs/Discover analysis.

Run# | Fingerwidth - | - Finger gap Size Capacitance
B (pm) (pm) © (pm) (fF)
1 1¢1) 3(+) 80 (+1) 107.5
2 201 . | 3D 40 (-1) 35.5
3 1 (-1) 2(-1) 80 (+1) 1433
4 2 (+1) 3 (+1) 80 (+1) 121.0
5 2 (+1) 2 (-1 40 (-1) 42.8
6 1(-1) 2(-1) 40 (-1) 35.0
7 1¢-1) 3 (+1) 40 (-1) 445
8 2 (+1) 2(-1) 80 (-1) 160.5

The measured data was entered to Rs/Discover as inputs for the MSM PD
analysis and modeling. The simulated results of least square coefficients and the p-value
for the significance of variances are listed in Table 16 for individual variables and two-

term interactions.
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Table 16: Capacitance analysis with DOE table for circular on-wafer MSM PDs.

Term Coefficients Significance of variances
Constant 86.2

FW, 3.75 0.1134
FG, 46.75 0.0371
Se -11.575 0.0092
FW xFG, 4.05 0.8834
FWexS, -0.125 0.1051
SeXFG, -7.375 0.0581

As shown from Table 16, the most significant term affecting the value of the
capacitance is the size of the MSM PDs, which agrees with empirical analysis. The least
square regression equation for capacitance with the calculated coefficients by

Rs/Discover is shown as:

A

cap =86.2+3.75x FL=L3 4 4675 x £6=25 _11.575x 5560 4 4,05 x LEZLS

0.5 0.5 20 0.5 (4.17)
FG-25 FW-1.5_,85-60 FG-2.5., 5§60
X0 0.125x-——0.5 ST 7.375x———0.5 ST

Combining terms, Equation (4.17) can be simplified as:

cap = —7.425+7.5FW —23.15FG — (0.25FW —0.375)(FG~5)_ 4.18)
+(8.1FW —12.15)(0.058 —3) = (0.375 —22.125)(2FG - 5)

Equation (4.18) was theh used to predict the capacitance of othef MSM PDs that
were not used in the model construction, as shown in Table 17. The average prediction
error is 7.8% using the DOE calculation. The capacitance is also calculated using the
conformal mapping method described in Chapter 1, which gives an average prediction
error of 25.3%. The prediction of capacitance using the DOE method is thus much more

accurate than the conformal mapping method.
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Table 17: The measured capacitance in comparison to the predicted values.

PD # Capacitance | Capacitance DOE Conformal | Conformal
(size/finger | Measured (fF) | Predicted by | Prediction mapping mapping
width/gap) DOE (fF) Error Prediction | calculation

(F) error
PD #1 59.7 51.9 12.9% 53.4 10.5%
(40/1/1)

PD #2 &3 84.4 1.08% 76.9 7.3%
(50/1/1)

PD #3 64.5 68.9 6.8% 40.1 31.7%
(50/1/2)

PD #4 52 53.3 2.57% 26.1 49.7%
(50/1/3)

PD #5 66.5 72.6 9.17% 384 30.7%
(50/2/2)

PD #6 130.3 116.8 10.3% 114.9 11.8%
(60/1/1)

PD #7 84 93.9 11.8% 59.9 28.7%
(60/1/2) 5 .

PD #8 75.7 71 6.2% 39.1 48.3%
(60/1/3)

PD #9 106. 101.7 9.6% 57.4 29.1%
(60/2/2) ' o

PD #10 197.5 181.6 8.03% 186.2 5.7%
(80/1/1)
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CHAPTER 5
" I-MSM TESTING RESULTS

A variety of thin film circular I-MSM PDs were fabricated and bonded onto glass
éubstrates for measurements. The fabrication and integration details were given in
Chapter 2. Ti (300A)/Au (?;OOOA) metallization was ﬁéed for I-MSM electrodes and T'i
(300R)/Au (3500A) for the probing pads. The thick probing pads metallization was
designed for multiple probes. The I-MSM PDs were characterized for dark current,
responsivity, impulse response, bandwidth, and capacitance. The correlation of I-MSM
PDs to on-wafer MSM PDs will be reported in the next chapter. I-MSM PDs studied in
this Chapter have varying finger widths (1 to 2 pm), finger spacings (1 to 2 pm), active

area diameters (20 to 80 pm), and material thicknesses (1000 to 5000 A).

5.1  Dark Current and Responsivity
5.1.1 Dark Current Measurements

The dark currents of MSM PDs were defined by the Schottky contact to the
InAlAs cap layer. The Schottky barrier height of Au to 30 nm InAlAs oﬁ bulk n type
InGaAs is reported to be 0.5 to 0.55 eV ***. The increase of InAlAs layer thickness will
increase the Schottky barrier height, and leads to a reduction of the dark current. For the
same InAlAs thickness, the dar‘k current of on-wafer MSM PDs was roughly proportional
to the metallization area of PDs, which was discussed in Chapter 3. Dark currents for I-

MSM PDs on material 219 with 40 nm InAlAs and 109 with 30 nm InAlAs are reported
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in Table 18. Multiple samples (2 to 6 samples) were fabricated and measured to use

average dark currents.

Table 18: Dark current of I-MSM PDs on material 219 and 109.

- Material (InAlAs layer Active area diameter/finger Dark current
thickness) width/spacing (pum) (nA)

219 (InAlAs 400 A) " D80/1/1 9.8 nA

| | D80/1/2 6.4 nA

D80/1/3 ‘ 1.5nA

D80/2/2 6.1 nA

D60/1/1 7.55 nA

D40/1/1 4.4nA

109 (InAlAs 300 A) D80/1/1 81.3nA
D60/1/1 28.7nA

5.1.2 Responsivity Measurements

The photocurrents of I-MSM PDs were measured with a single mode fiber at a
wavelength of 1.55 pm. The responsivity measurement was calibrated using a Newport
Multi-Function Optical Meter 1835-C in conjunction with a Newport 818-IG broadband
photodetector. Figure 18 plots the photocurrent of I-MSM PDs fabricated on material 219
(3000 A absorbing layer) for varying finger widths and spacings as a function of voltage
bias. The measured responsivity at a 5 V bias for PDs with finger width/spacing of 1/1,
172, 1/3, 2/2 pm is 0.1524, 0.1651, 01612, and 0.1510 A/W, respectively. The
responsivity is similar for all I-MSM PDs despite the differences in finger width and‘

spacing. This result agrees with expectation, since all of the PDs have the same absorbing

57




layer thickness with back side illumination (with complete elimination of the finger

shadowing effect).
1E-3—: L Ty P I AR IR
1~ -i_Re_spo{\_sivity of I-:MSM PDs with varying finger .-
| widihispacing on naterial 29 [
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Figure 18: Responsivity of -'MSM PDs with V'varying finger width/spacing (um) as a
function of bias voltage from 0 Vto 9 V.

In addition to the responsivity plofs with varying finger width and spacing, the
responsivity of the I-MSM PDs was also investigated as a function of material thickness,
and the results are shown in Figure 19. The responsivity for -'MSM PDs with absorbing
layer thickness of 1000 A, 2000 A, 3000 A, and 5000 A are 0.05392, 0.1319, 0.1524, and
0.2673 A/W, respectively, at 5 V bias. This increase in responsivity with increasiﬁg
absorbing layer thickness is in good agreement with the responsivity analysis of on-wafer

MSM PDs. The quantitative correlation analysis will be presented in the next chapter.
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Figure 19: Photocurrent of I-MSM PDs of 1/1 pm with varying absorbing layer
thickness.

5.2 Impulse Response

The impulse response was investigated as a function of finger width, finger

spacing, active area size, voltage bias, and absorbing layer thickness. The same

measurement setups were used as those for on-wafer MSM PDs.

5.2.1 Impulse Response at Varying Bias Voltages

The impulse response of the I-MSM PDs compressed wifh increasing bias voltage.
As shown in Figure 20 for the InGaAs carrier velocity plot **, the drift velocity of
electrons increases linearly with voltage at low bias, then decreases dramatically with
further increase in voltage, while the drift velocity of holes increases monolithically with

voltage until it is saturated at high bias. In Figure 21, a piot is given for PDs with finger
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width/spacing of 1/1 pm on material 219 at biases from 2 V to 11 V. The impulse
response of I-MSM PDs with wider finger widths and spacings on other materials
displayed similar voltage dependent characters. The tail of the impulse is conipressed

significantly with increasing bias voltage and displays no significant difference for bias

higher than 9 V.

3E+5

25E+5 |

2B+3 |-

Holgs
13E+5 - Electrons

1E+5 |-

Carrier Velocity (mws)

SEad L. ccccmaemcemnerenaane

0L+ -
0 1 2 3 4 5
Electric Field (MV/m)

Figure 20: The carrier velocity of electrons and holes in InGaAs as a function of electric
field after Bowers et al *°.
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Figure 21: Impulse response of -MSM PDs with 1 pm finger spacing at different biases.
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5.2.2 Impulse Response with Varying Finger Width and Spacing

The measured results of MSM PD impulse response with varying finger widths
and spacings are plotted in Figure 22. The impulse response for 1/1 um devices is much
more compressed than that of other PDs with wider finger spacings. It is clear that these
PDs are transit-time limited rajfher than capacifa;lce limited because wider finger spacings
result in smaller capacitance. The I-MSM with ﬁnger‘ width/spaéing with 1/2 pm has a
beﬁér impulse than the I-'MSM with 1/3 um, and the 2/2 um finger width/spacing has the
slowest impulse response. This is different from the impulse measurement of on-wafer
MSM PDs, of which the 2/2 um device had a better impulse than the 1/3 pm .device. The
slow .behavior of the 2/2 pm device is due to a high percentage (50%) of carriers

generated behind the electrodes where the electric field is the weakest. A detail
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discussion of impulse correlation of I-MSM PDs to on-wafer MSM PDs will be presented

in the next chapter.
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Figure 22: Normalized impulse response of I-MSM PDs 'bn material 219 with 80 pm
diameter absorbing area. ‘ '

5.2.3 Impulse Response with Varying Active Area Size

I-MSM PDs with varying active area size were investigated to ascertain the effect
of the RC time constant on impulse response. Figufe 23 plots the impulse response of

PDs with active area diameters of 80 pm, 60 pm, and 40 pm.
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Figure 23: The impulse responses of -MSM PDs on material 219 with 1 pm finger
spacing and varied active area diameter from 40 pm to 80 pm.

From Figure 23, it can be seen that the impulse responses ére similar for all three
PDs despite the difference in active area size. Table 19 lists the pulse width (FWHM) and
fall time (tail length from 90% to 10%) of these three I-MSMs. The PD with 40 pm
active area diameter has a slightly compressed tail length and narrower FWHM than the
other PDs. The lack of difference in the impulse response due to the difference in active
area demonstrates again that the transit time is the dominant factor in these devices, and

not the RC time constant for determining the speed performance of these PDs.
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Table 19: The pulse width and fall-time of I-MSM PDs with varying active area size.

Pulse width (FWHM) Fall time (tail length)
Active area of 80 um 30 ps 53 ps
Active area of 60 pum 31 ps 47 ps
Active area of 40 pm 27 ps 46 ps

5.2.4 Impulse Response with Varying Absorbing Layer Thickness

I-MSM PDs with thin absorbing layers can lead to faster speed response by
shortening the transit distance. However, the thin absorbing layer will reduce the
responsivity of the photodetectors. In Figure 24 below, the impulse responses of four I-
MSM PDs on material 109, 219, 218 and 217 at a bias of 9 V are plotted. All these PDs
were 1/1 pm finger width and spacing with 60 um diameter active area. It is clear from
the plot that the responsivity decreases with the reduction in absorbing layer thickness,
which is exhibited as a reduced peak and integrated area underneath the impulse.

In Table 20, the pulse width (FWHM) and tail length are listed for the four I-
MSM PDs. All I-MSM PDs have similar FWHM and tails except the one fabricated on
material 109 (5000 A InGaAs). The similarity again demonstrates that the size
(capacitance) is not the.dominant factor in the speed performance of the I-MSM PDs.
This measurement results agrees with the statistical analysis of bandwidth for on-wafer
MSM PDs in Chapter 4. The I-MSM PDs on material 109 has a better impulse than the
other materials. This could be explained due to the fact that the width precision of narrow
(1 pm) fingers is much more variable using contact photolithography than is the precision
of wider ﬁﬁgers. Compa'red to MSMs with ﬁnger spacings of 2 um and 3 pm, the -MSM

PDs with 1 pm spacing demonstrates a much better speed response on all of the materials.
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Figure 24: Impulse response of -MSM PDs on varying absorbing layer thickness.

Table 20: The pulse width and tail length of I-MSM PDs with varying absorbing layer
thickness and 1/1 pm finger widths and spacings.

. | FWHM Tail length
I-MSM PD with 5000A InGaAs | = 245ps = | - 385ps
I-MSM PD with 3000 A InGaAs | 31 ps 46 ps
I-MSM PD with 2000 A InGaAs 3 30ps 46.5 ps
I-MSM PD with 1000 A InGaAs 27 ps 47 ps

5.3 Bandwidth

The bandwidth of fhe MSM PDs is related to the impulse response by a Fourier
transform from the time domain to the frequency domain. Therefore, the measured
bandwidth results should be consistent with the measuring impulse response. The

bandwidth measured herein is the scatter matrix component of s21 (optical to electrical)
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using the LCA. The bandwidth of the I-MSM PDs is high for PDs with 1um finger
spacing, and decreases for widerf finger spacings. - These transit-time limited
characteristics also account for thejincrease in bandwidth wifh the increase in voltage bias.
Figure 25 plots the bandwidth of I-lMSM PDs of 80 pm diameter active area on material
219 with varying finger width/spacing. These large size MSM PDs avoid fiber

misalignment.
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Figure 25: Bandwidth as a function of finger width and spacing for I-MSM PDs with an
80 pm active area. -

The —-3db frequency for finger width and spacing of 1/1 pm, 1/2 pm, 1/3 pm, and
2/2 pm are 13.16 GHz, 5.14 GHz, 4.04 GHz, and 3.85 GHz, respectively. The I-MSM
PD with wider spacing has lower bandwidth because the electrical field is weaker

compared to those with narrower finger spacings. The finger width/spacing of the 2/2 pm
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device results in a smaller bandwidth than the 1/2 pm device because more carriers are
generated underneath the electrodes, and these carriers must diffuse to the high electrical
field region first, and then travel at saturation velocity. The bandwidth measurement

clearly implies that the narrower finger width for I-MSM PDs results in higher bandwidth.

Normalized Bandwidth (dB)

Frequency (Hz)

Figure 26: The voltage dependence of bandwidth for I-MSM PD with 1/1 finger

width/spacing on material 219 (3000 A InGaAs). The PD has a size of 80um diameter of
active area. : ‘

The voltage dependant bandwidth behavior is shown in Figure 26 for I-MSM PDs
with 1/1 finger width/spacing on material 219. The —3db frequency of the I-MSM PD (1
pm finger spacing) at a voltage bias of 11 V,9V, 7V, 5V and 3 V are 13.2 GHz, 12.5
GHz, 11.08 GHz, 8.2 GHz, and 5.3 GHz, respectively. The bandwidth only increased
slightly at biases higher than 7 V, indicating that most photogenerated carriers could drift

at their saturation velocity at this electrical field strength. Therefore, for finger
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width/spacing of 1/1 um with 3000 A absorbing layer thickness, a bias voltage of 7 V is
high enough to have the I-MSM PD saturate in speed performance.

| The bandwidth doesn’t change much with the absorbing layer thickness from
5000 A to 1000 A for PDs with finger spacings of 1 pm since.the lateral transit distance
between fingers is more than 2 times longer than the longitudinal transit distance for
carriers. This measurement results agrees with the measured impulse response. To further
increase the bandwidth of the I-MSM PDs and maintain good responsivity, the reduction
of finger spacing is the right approach. However, the increase of finger density per unit
area will increasc the capacitance of the PD. Therefore, there is an optimized value of the

finger spacing for a target speed.

5.4 Capacitance

The s-parameters of I-MSM PDs were measured using a HP lightwave component
analyzer. The capacitance was then calculated from s-parameters in the frequency range
from 130 MHz to 20 GHz. The capacitance was studied for PDs with the same finger/gap
structure but on different matcrials, as sl;'cwn in Table 21. The slight difference in
capacitance values with varying absorbing layer thickness indicates that the capacitance
of the PDs is nearly independent of matcrial thickness. The capacitance is also
investigated for PDs with varying active area size, and finger spacing as shown in Table
22. 1t is clear that the capacitance gocs up with an increase in active area size and an

increase in finger pairs per unit area.

68



Table 21: Capacitance values with material thickness of I-MSM PDs.

Active area Finger Material thickness Capacitance
diameter width/spacing
60 pm 1/1 pym 5000 A 130 fF
60 pm 1/1 pm 3000 A 131.5 fF
60 pm 1/1 pm 1000 A 131 fF

Table 22: Capacitance of I-MSM PDs with varying finger width/spacing and active area
size.

Active area Finger Material thickness Capacitance
diameter width/spacing
80 um 2/2 um 3000 A 150 fF
80 pm 1/1 pm 3000 A 199 fF
60 pm 1/1 pm 3000 A 131.5 fF
40 pm 1/1 ym 3000 A 62.5 fF

The measured results for dark current, responsivity, bandwidth, and capacitance
for I-MSM PDs are reported in this Chapter. The dark currents of the majority of the I-
MSMs are 10 ﬁA or léss excépt the PDs fabricated from material 109, with a 300 nm cap
layer. The responsivity of the I-MSM PDs are reported for voltage biases from 0 to 9 V,
and the maximum responsivity of 0.2673 A/W was achieved for the I-MSM on material
109. The AC characteristics of the I-MSM PDs are reported as a function of finger width,
finger spacfng, absorbirig 1ayer thickneés, absorbing area, and bias voltage. The measured
results suggests that these MSM PDs are transit time limited. The capacitance of the I-
MSM PDs are measured in this 'Chaptcr for varying material thickness, finger

width/spacing, and absorbing area. The maximum tested capacitance of 199 fF was for
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the PD with 80 um diameter and 1/1 pm finger/width. Detailed analysis and modeling of

both DC and AC characteristics of -MSM PDs will be reported in the next chapter.
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CHAPTER 6

CORRELATION OF I-MSM PDS TO ON-WAFER MSM PDS

The purpose of this Chapter is to try to correlate on-wafer MSM PD measurement
results to I-MSM PD results. Since I-MSMs are advantageous from a responsivity point
of view, they are often a preferred implementation. However, on-wafer MSMs are much
easier to fabricate than I-MSMs. Thus, if a certain speéiﬁcation for I-MSMs must be met,
and some experiments need to be conducted to fabricate appropriate devices, if MSMs
can be fabricated and tested to predict I-MSM device performance, this would be of greet

interest.

6.1 Correlation of D'C Characteristics

6.1.1 Comparison of Dark Current Qf I-MSM PDs to On-Wafer MSM PDs |
Dark currents of MSM Pbs are determined by the Schottky barrier height of the
semiconductor to Au contact. Compared to the on-wafer MSM PD process, additional
fabrication steps (mesa etchj aﬁd substrate remo?al) were added for I-MSM fabrication.
Mesa etching utilized photo%resiiét fas a mask and separates each individual detector using
chemical etching through the a%sorbi;lg layer. In substrate removal, the electrodes of the
MSM PDs were protected by Apiezon Wax from the HCI etchant. In the ideal situation,
the mesa etch and substrate removal steps do not alter the physics of the contact of the
electrodes to the semiconductor. Thus, the dark current of I-MSM PDs should be the

same as on-wafer MSM PDs. In Table 23, dark currents for PDs with 80 um active areas
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with 1/1, 1/3, and 2/2 pum finger widths and spacings for I-MSM PDs were compared to
on-wafer MSM PDs. Multiple samplés (2 to 6 samples) were fabricated and measured to

report an average dark current for each I-MSM PD structure.

Table 23: Dark currents of I-MSM PDs in comparison to on-wafer MSM PDs.

Diameter/finger 80/1/1 pym 80/1/3 pm 80/2/2 pm
width/finger spacing
I-MSM PDs 9.8 nA 1.5nA 6.1 nA
On-wafer MSM PDs 5.2nA - 1.2nA 2.2nA

The dark currents of the I-MSM PDs are slightly higher than on-wafer MSM PDs.
This is probably due to the mesa etch process. The mesa etch mask for the I-MSM PDs
was designed with a slightly larger size than the finger area, but no protection mask for
the metal contact, as shown in Figure 27. The absence of mask protection for the metal
contact of the I-MSM PD was designed for ease of alignment of the I-MSM PD onto the

host substrate metal contact, with the clear shape contour viewed from backside.
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Figure 27: An individual photodetector after mesa etch.

6.1.2 Correlation of Responsivity

Back illumination of MSM PDs is an effective way to improve the device
responsivity by eliminating the finger shadowing effect *°. In Chapter 1, the quantum
efficiency, as discussed in Equation (1.4), was determined by the percentage of
shadowing area, reflection from the surface, and absorbing layer thickness. It is usually
an effective assumption for high quaiity materials thé.t the internal quantum efficiency n;
is 100% for conversion from absorbed photons to electron-hole pairs. The responsivity R
at one wavelength, given tﬁe deﬁﬁition in Equation (1.3), is:

e o

i Re o 6.1
K Popl Popl ( )

where  is total number of photogenerated carriers. Therefore, the ratio of responsivity of
on-wafer MSM PDs to I-MSM PDs can be written as:

Rini.:m _ nixQ/Popt _ i

= 6.2
Romsm  Rox q /popl Ho ( )
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where Romsm and Ry, are responsivity of on-wafer MSM PDs and I-MSM PDs,
respectively, and n, and »; are the number of photogenerated carriers inside the absorbing
layer of the on-wafer MSM and I-MSM, respectively. Figure 28 provides a schematic
plot of MSM PD structure to illustrate the two illumination situations. For on-wafer
MSM PDs, part of the optical power is lost due to the reflection from the opaque mgtal
electrodes, and a fraction of light also experiences partial reflection from the
air/semiconductor (InAlAs) interface. For I-MSM PDs, the partial reflection of the input
power takes place at the air/InAlAs interface.

Inps2Alp.4sAs has a similar lattice constant (5.8672 A) as Ings3Gag47As (5.8687 A),
but much wider bandgap (1.450 eV). The cutoff wavelength for InAlAs is 855 nm, which
means that the InAlAs layer is transparent to light of wavelength from 1.3 pm to 1.55 pm.
The refractive index for InAs and AlAs are 3.52 and 3.17, respectively. The refractive
index of Ings2Alp4sAs is calculated from interpolating parameters of binary alloy, and the
calculated refractive index is 3.35. At normal incidence, the reflectivity 7y at |
air/semiconductor interface is

' 2
n—n -
ro=| ; =(1 3'35) =0.2918, (6.3)

I3

where n and n° are the refraictive ipdices of air and IhAlAs.

!
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Figure 28: Schematic of on-wafer MSM PDs and I-MSM PDs with normal incidence
illumination.

The incident optical power decays exponentially inside the material. In MSM
front illumination, part of the incident wave is reflected by the electrodes and only part of
the incident wave penetrates into the absorbing material through the cap layer (InAlAs).
The InAlAs refractive index (3.35) is very similar to the refractive index of InGaAs
(3.76), leading to a reﬂectivity of 0.0033 at the InAlAs/InGaAs interface. This reflection
is considered negligible. The bptical wave which is not absorbed in the absorbing layer
will be absorbed by the stop-etch layer (2000 A InGaAs), as shown in Figure 28. The on-
wafer MSM PDs were mounted on black wax on a glass substrate. The optical wave
which is not absorbed by the stop-etch layer will continue to propagate and eventuall};’
will be absorbed by the black wax. The reflection from the substrate is neglected. Carriers

generated in the stop-etch layer will not be collected by the electrodes because the wide
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bandgap InAlAs will present a barrier to the drift of carriers at moderate bias voltages.

Therefore, the total power absorbed by the absorbing layer for an on-wafer MSM is

Pomsm = (1=70)—E—x Popx (1= &™), (6.4)
g+w

where the subscript of “omsm” is a notation for on-wafer MSM PDs, T is the thickness
of the absorbing layer, and 7 is the reflectivity of air to InAlAs layer.

The optical power absorption for I-MSM PDs is rather complex. Usually, uniform
illumination is assumed for uniform generation of carriers across the whole area. For I-
MSM PDs, the optical power is partially reflected at the buffer layer (InAlAs) first, then
penetrates into the absorbing layer. The optical power absorbed by the InGaAs layer ,

Pinsm’s can be expressed as:

Pinsm' = (1—' ro)Popre_“T’ , (65)
= Poe™"
where Py is the optical power just inside the semiconductor layers. The optical power

which is not absorbed by the absorbing layer will be reflected at the semiconductor-air

interface between fingers or reflected at the semiconductor-metal electrodes interface as

illumination behind the fingers. The reflection between fingers (at the semiconductor/air
interface) will be analyzed first. The optical power reflected back into the InGaAs layer
from the semiconductor/air interface is roP;, where P; is the optical power between the
fingers. The reflected wave will be absorbed again by the absorbing layer and the power
not absorbed in the second absorption pass will be reflected at the semiconductor (buffer
layer)/air interface on the opposite side. The total absorbed optical power between

electrodes with mulﬁple absorption and reflection is
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Pin=Po(1—e ™)+ rPoe " (1—e ™)+ ri* Po(e™ ™ )2 (1— %) +... 66)
= Po(1— €™ ®)x (1 + r1Poe™ ™ + (r1Poe”*%)? +...) T '

where Py is the total optical power absorbed in the areas between fingers. The first term
in Equation (6.6) is the first order absorption, and the second term is the second

absorption of the reflected optical wave, and so on. Equation (6.6) can be simplified as a

sum of polynomials:

Pin=Pox(l1-e%)x ! —. (6.7)
1-re™™™
By substituting in Equation (6.5), Equation (6.7) can be rewritten as:
g —-aTx 1
Pu=(1-ro)x X Poprx (1—e™*™) x —. (6.8)
g+w 1-rie™™™

The reflection at the metal electrodes for illumination behind the fingers is similar
to that at the semiconductor/metal interface. The metallization of electrodes for the I-
MSM PDs is Ti (300A)/Au (3000A) in this work. The refractive index of the metal
electrodes (Ti/Au) has a large imaginary component, which will cause hea{fy absorption
in the metal. The complex refractive index is defined as:
i =n—ik | (6.9)
At an incident wavelength of 1.55 pm, the real part (#) and the imaginary part (k)
of Ti are 3.67 and 4.61 ¥, respectively. The real part of the refractive index of Ti is very
close to the index of InGaAs, so there is only a very small amount (less than 0.1%) of
light reflected by the Ti layer. Au is a good metal reflector and the calculated and
measured reflectivity of an Au mirror to A = 1.55 um is ~ 0.9 *®. The high reflectivity of

Au comes from the small component of the real refractive index (0.18) *’. The reflected

77



optical power from the metal structure with a round trip attenuation inside the Ti layer is

calculated as:

Pou = Pinx exp(=2 x Trix 22 x pqu

= Pux exp(—2x30nmx ££461)x 0.9, (6.10)
=0.09557 Pi

where ry, is the reﬂéctivity_pf Au, Ty is the thickness of Ti 'layer, the P;, and P, are the
incident optical power and the reflected optical power from the electrodes, respectively.
So the effective reflectivity from the Ti/Au layer is 0.09557. The reflectivity at the metal
layer is so small that only the first and second absorption passes are considered. Thus, the

total absorbed optical power for illumination behind the electrodes is
Pa=(1-rox2ox[( —e %) 4 e 0T (1= 7O T5 Y|Py (6.11)
where r, is the effective refractive index of the Ti/Au metal electrodes (0.09557).

Combining Equation (6.11), (6.7) and (6.8), the total absorbed optical power inside the

absorbing layer for -'MSM PDs is

Pimm=Pn+P:z=(l—ro)><(1—e'“T’)><[ € l_aT+ ld x(1+r,.e‘“n)}xPopz.(6.12)
‘ g+w l1-re™ g+w

The number of carriers collected in the electrodes is proportional to the optical
absorption if the internal quantum éfﬁcicncy is 100%. By substituting Equation (6.4) and
(6.12) into Equation (6.2), the ratib 1qf (ésponsivity for IQMSMs to on-wafer MSMs can

be written as:

g ( 1_ T)+ lid (1+r...e'“T‘)
Rimsm — Pinsm g +w\1=ree™" ) g+w

Romsm B Pomsm . g
: g+w

(6.13)
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For PDs with a thick absorbing layer, most of the optical power is absorbed
during the first propagation pass through the InGaAs absorbing layer, so the reflected
wave is small. In such a case, both 7p¢™®™ and r,,e ™ are approximately zero, so Equation

(6.13) can be simplified as:

.Rimsm
Ramsm g

g+w

, (6.14)

The responsivity correlation of I-MSM PDs (Riusm) to on-wafer MSM PDs (Romsm)
and the prediction errors are calculated and tabulated in Table 24. The responsivities of
PDs were measured under illumination at wavelength of 1.55 pum. The average

correlation error is 6.24 %.

Table 24: The correlation of calculated responsivity of I-MSM PDs to measured
responsivity.

Material Finger | On-wafer I-MSM PDs | . I-MSM PDs | Correlation
(absorbing Width/ PDs (measured) (correlation prediction
layer gap (measured) prediction) error

thickness)

109 (5000 &) 111 0.1394 0.2673 0.2788 4.3%

219 (3000 A) 1/1 0.07951 0.1524 0.15902 4.3%
1/2 0.1006 0.1651 0.1509 8.6%
1/3 0.1155, | 0.1612 0.1540 4.5%
2/2 0.08141 0.1510 0.16282 7.8%

218(2000R) | 1/1 -| 0.05859 | 0.1319 0.1423 7.9%

217 (10003) | 1/1 0.02323 0.05392 0.05734 6.3%
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6.2 Correlation of AC Characteristics

The bandwidth of PDs can be obtained through Fourier transform of the impulse
response from the time domain to the frequency domain. So the correlation of the AC
characteristics of -MSM PDs to on-wafer MSM PDs will focus on impulse response and

capacitance.

6.2.1 Correlation of Impulse Response

The impulse response of an I-MSM PD in comparison to an on-wafer MSM PD at
a bias of 9 V is shown in Figure 29. Both the on-wafer PD and I-MSM PD had an active
diameter of 80 pm with finger width and spacing of 1/1 pm and 1/2 pm and were
fabricated on material with a 3000 A absorbing lgyer. The impulse response of the I-

MSM has a wider FWHM and a longer tail fhan the on-wafer MSM PD.

1.2 Y e

© | ——. on-wafer (meas.)
—— |-MSM (meas.) E

Normalized Amplitude

02 ; ; . ;
Time(second) x10™

(a)
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— forrwafer(mcas.)
—— |-MSM (meas.)

Normalized Amplitude

Time(second) x10™

(b)

Figure 29: Impulse response of an I-MSM PDs in comparison to an on-wafer MSM PDs
at a bias of 9 V with an 80 pm diameter size on material 219 with (a) of 1/1 pm finger
width/spacing and (b) 2/2 pm finger width/spacing.

Figure 30 illustrates the difference of illumination on a unit cell for an on-wafer

MSM PD and an I-MSM PD. The unit cell is defined as the center of the anode to the

center of the cathode. The degradation of the impulse response for I-MSM PDs comes
from two factors: (1) The photogenerated carriers have a higher density at Surface 1 (in
both region I and region II shown in Figure 30) in the I-MSM PDs, so not only do the
carriers have a longer transport path before collection, but the electric field is also weaker
where the photogenerated concentration is the largest; (2) There are numerous carriers
‘generated behind the electrodes (in region II) in I-MSM PDS. These carriers contribute to
the improved .responsivity of I-MSMs, but sacrifice the speed performance ****°, The

electric field in region II is weaker than in region I, leading to.an incomplete depletion in
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region II at low bias. In this case, carriers generated in region II have to diffuse into the
high electrical field first, then accelerate to their saturation drift velocity. Once these
carriers enter region I, they will travel followiﬁg the same transit path as if they were
originally generated in region I. Due the non-uniform electric field distribution in the
absorbing layer, the curved' equipo‘tential contour determines whether the photogenerated

carriers have to transit a curved path instead of straight path to reach the corresponding

electrodes.
Surface 0 ‘ § § EREIRE 0
Y Y .
VS I ’ y
Surface 1 [t X
T;:;:j:;:;:;:;:;:::;:;:;:;:;:j:;:;:;:;:;:;:;:;:T‘
()
Surface 0 [——] ———1 0 |
1 PR Pl I >y
Surface 1 é ! é % i % X

(b)

Figure 30: Diagram representing the illumination differences for (a) on-wafer MSM PDs
and (b) I-MSM PDs.

Carriers generated in region I will be studied first for correlation. In this region,
ignoring the space charge effect, the transit paths of carriers are the same for both I-MSM

PDs and on-wafer MSM PDs if the carriers are generated at the same location inside the
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absorbing layer. The space charge effect can be ignored here since it becomes significant
only at higher dose of optical input power 31 This assumption comes from the fact that
- the electric field distribution is very similar in the absorbing layer for both types of MSM
PDs. In fact, the electric field is more tightly confined for -MSM PDs than for on-wafer
MSM PDs because some electrical energy may penetrate into the InP substrate for on-
wafer MSM PDs. The absence of a substrate causes less electrical energy leakage into the
air for I-MSM PDs. However, this difference for both types of MSM PDs is small éince
the electric field decreases quickly from the electrodes surfaces.

When the penetration depth is much less than the elec.trode spacing >> 3, the
curvature of the electric field lines between electrodes (in region I) is small enough so
that the electric field can be approximated as constant laterally (along the y-axis shown in
Figure 30), while the electric field changes dramatically in the -longitudinal direqtion
(along the x-axis shown in Figure 30). This situation is satisfied in this research since all
materials in the study have absorbing layer thickness values much smaller than finger
separation. The surface with the electrodes is assigned as the axis origin for both types of

MSM PDs, as shown in Figure 30, and the expression for the carrier density in the

absorbing layer for the on-wafer MSM PDs, Homsm(X), is:

Homsm(Xx) = noexp(—ax), (6.15)
where nyp is the carrier density at the illﬁminated surface (i.e. x = 0), and « is the
absorption coefficient. The value of o is calculated from the extinction coefficient, k, as

discussed in Chapter 1:

a=4—;[£=0.002025/nm (6.16)
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The carrier density dis-tributi(.)n for the back side illuminated I-MSM, n;(x), in the same
coordinate system can be v_sq‘itten éé:

Rimsm(X) = Ho exp[—a(T x—x)], - (6.17)
where T is the absorbing layer thickness. If the absorbing layer is thin, there will be a
substantial amount of optical power not absorbed in the first pass, and reflected by the
semiconductor/air interface or the semiconductor/metal finger interface. Then the carrier
distribution should include the first order absorption and the second order absorption.
Higher orders of absorption are ignored for the calculation of the carrier distribution. In
region I, the wave is reflected with a reflectivity of rp, and in region II, the wave is
reflected with a reflectivity of r,,. The modified carrier distribution is

-ex "") region I

Rimsm(X) = no(e“"‘(r"") +roe" e
' (6.18)

~alx _-ax )

Rimsm(X) = no(e'“(T’") +rme” e region II

It is obvious that the carriers generated closer to the x = 0 surface will be collected at an
‘earlier time slot than carriers generated deep in the absorbing layer. The measured
impulse response for an on-wafer MSM PD is an indication of the movement of the
carriers in both the x and y directions. A particular electron or hole generated inside the
abéorbing layer of a PD will drift to the corresponding electrodes in a certain path no
matter how it was created. Therefore, a carrier generated from back illumination will
transit the same path as a carrier generated at the same location due to front illumination.
The difference in the impulse response due to the two types of illumination purely comes
from the different carrier density generated inside the absorbing layer. More carriers are
generated closer to the collecting electrodes for on-wafer MSM PDs, leading to a faster

collection of carriers. In other words, the impulse response will change only according to
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the carrier distribution longitudinally (x-direction) inside the absorbing layer for uniform
illumination across the active area. In this way, the calculation of the impulse response
for I-MSM PDs from on-wafer MSM PDs becomes simply a 1D problem of solving the
carrier densjty ratio in the .x-direc}ion since the carrier density gradient in the y-direction
is the same fof uni_forxﬁ illumivﬁati'on f(;r Jboth tybés-of PDs. To carry on this methodology,
first, the absorbing layer with thickness of T is divided into many sub-layers (X, X1, X2...
Xn) along x-axis with -
Xt+ X2+ X300+ Xn = Tx. (6.19)

Also, we know that the impulse response pulse shape is determined by the number of
carriers that were collected at the electrodes in each time slot on the time axis. Thus, the
impulse r'esponse can be divided into many tiny small time slots (t;, t2, t3...ty). The sum
of to to t, should equal to the time period of the impulse:

t1+t2+t3+...+tn = timp (6.20)
where #,, is the time period of the impulse response.

The carriers contributing to the impulse response at the first time slot, t;, can be
considered as generated from the absorbing sub-layer X1, and the impulse at t; from
InGaAs sub-layer x,, and so on.. So the impulse résponse in the time domain is related to
the carrier distribution in the space do_rnaiﬁ. In region I, the carrier distribution of the I-

MSM PDs can be compared to the distribution of the on-wafer MSM PDs as a ratio at

each position along the x-direction:

nimsm(X) _ e_“m—x) + roe'aT‘e""‘
nomsm(JC) (¥]

(6.21)

ratio(x) =

—-ax

Figure 31 shows a plot for ratio(x) as a function of the depth inside the absorbing layer

(3000A in this case) in region 1. If the impulse response is divided into same number of
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sub-time slots as the number of sublayers in the absorbing layer, the ratio of the
amplitude of the impulse response of the I-MSM to the on-wafer MSM will be the same
as the photogenerated ratio. So the correlation of the amplitude of the impulse response
(AMP) in the time domain is:

AMP of I-MSM (t,) = AMP of On-Wafer MSM (t,) xratio (1), (6.22)
where ratio(t,) is related to ratio(x) with conversion coefficient 1. So the impulse
response of the I-MSM PD can be calculated from the impulse response of the measured

on-wafer MSM PDs with a multiplication of ratio(%,) as a function of time.

ratio of carrier density of I-MSM to on-wafer MSM
24

’ — ratio In region |
— ratio In region ||
22

P L ! |
0 50 e 1100 ' 150 200 250 300
i dqpth in absorbing layer (x-direction) (nm)

PRI
RN

Figure 31: Ratio of carrier den51ty for I-MSM to on-wafer MSM PDs as a function of
absorbing layer depth. :

The impulse response calculation for I-MSM PDs must also add the delay from

carrier photogenerated in fegion II. For on-wafer MSM PDs, there are only a few carriers
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generated in region II due to scattering under normal illumination. This is usually ignored.
In this research, the correlation study is focused at high voltage bias for carrier transport
the saturation velocity. For a thin absorbing layer (<3000 A) in region II, the electric
field lines behind the electrodes are almost perpendicular to the surface ', and this type
of electric field contour forces the carriers generated in this region to have a large
component of movemént toward surface 1 (i.e. movement in the x-axis). Once the
photogengrated carriers in region II enter the region I, they will be accelerated by the high
electric field and drift in a -similér m:zinnér as thbge. carriers originally generated in region
I. The bandwidth of the I-MSM is ultimately limited by the carriers having the longest
transit length, which avlre‘llldlesf:gerieratlted right behind the positively charged electrodes
(anodes). The longest transit path /,,g of holes transported from region II to region I is

calculated as

llong = \’2—;2 + (05W)2 (623)

where T is the thickness of the absorbing layer, and w is the finger width. Then, the
longest delay time (transport time from region II to region I) for holes is calculated using

the holes saturation velocity v;:

e T2 2
g = Lo NI +(0.5w) (6.24)

i

. Vh Vh

e

where 7, is the delay time, and v is lt;he hole saturation velocity. The calculated delay time

for an I-MSM with 1 um finger spajcing on material 219 (3000 A InGaAs) is

_ \/(0.3/1172)? + (05 um)?

PRI =12.5x10"*sec=12.5ps. (6.25)
B8x10°cm/sec

td

Similarly, the delay time for devices of 2 pm finger spacing is calculated as 21.75ps.
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The impulse response corre]atioﬁ calculation fof_ i-MSM PDs from on-wafer
MSM PDs was programmed using Matlab The calculated results for PDs with 1/1 pm
and 2/2 pm finger width/spacing are shown in Flgure 32 The calculatlon reveals that the
degradation of the impulse response of I-MSM PD:s is dominantly caused from carriers
generated in region II. The impulse res.};onsé calcu]étion in this work shows the I.—MSM
degradation trends clearly, which agrees with the qualitative analysis of the I-MSMs, as

measured in Chapter 5.

1.2 T T T
H H H — -MSM (meas.)
—— |-MSM (cal.)

130

Impulse response (a. u.)

0.2

02— : L L i
0 ._ i ,
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Figure 32: Impulse response correlation for I-MSM PDs to on-wafer MSM PDs with
measured results and calculated results for PDs with 80 pm diameter absorbing area on
material 219 (3000 A InGaAs) with finger width/spacing of (a) 1/1 pm and (b) 2/2 pm.
6.2.2 Correlation of Capacitance

The MSM PD capacitance is determined by both the geometry and the dielectric
constant of a material. The I-MSM PDs and on-wafer MSM PDs have been fabricated
from the same material (InGaAs) growth, and the geometry of both types of PDs are
similar. Therefore the capacitance is expected to be similar for both types of PDs. Table

25 lists a comparison of capacitance of on-wafer MSM PDs with I-MSM PDs. The

average capacitance value difference of -MSM PDs from on-wafer MSM PDs is 3.27%.
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Table 25: The I-MSM capacitance in comparison to on-wafer MSM PDs.

Active area Capacitance of I- | Capacitance of on- Difference
diameter/finger MSM PD wafer MSM PD percentage
width/spacing (measured) (measured)

80/1/1 pm 199 fF 197.5 {fF 0.7 %

80/2/2 ym 150 fF 160.5 fF 7%

60/1/1 pm - 131.5fF 130.3 fF 0.91%

40/1/1 pm 62.5 {fF 59.7 fF 4.48%

In thisChapter, the c;)rrélation vof I-MSM fo on-wafer MSM PDs was analyzed
for dark current, responsivity, impulse response, and capacitance. The measured dark
currents of I-MSM PDs are Sliéhtiy higher than the values of the on-wafer MSM PDs due
to additional fabrication steps, but the trends follow the on-wafer MSM PDS. The
responsivity correlation was derived in Section 6.1.2, and results reported in Equation
(6.13) for thin absorbing layer MSM PDs and Equation (6.14) for thi;:k absorbing layer
MSM PDs. The prediction for I-MSM responsivity based upon the on-wafer MSM
responsivity data has less than 10% error. The impulse response of the I-MSM PDs to the

on-wafer MSM PDs was analyzed empirically, and results are plotted in Figure 32, which

shows that the I-MSMs have a broader impulse response than the on-wafer MSMs. The
capacitance correlation analysis in this Chapter shows that the capacitance of I-MSM PDs
are close to the values measured for on-wafer MSM PDs. In conclusion, it is possible to

predict the I-MSM characteristics from measured on-wafer MSM results.
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CHAPTER 7

APPLICATIONS OF I-MSM PDS INTEGRATED ONTO
PHOTORECEIVERS AND WAVEGUIDES

7.1 I-MSM PDs Integrated onto CMOS Chips.

I-MSM PDs, as one component of an integrated photoreceiver, have to meet
certain system requirements. The most important requirements for this research are low
capacitance, high bandwidth, and high responsivity. A circuit model for MSM PDs ****
56 is shown in Figure 33, where Cysn is the dark capacitance, Cpags is the capacitance

induced by contact pads, and Ry and L; are the series resistance and inductance,

respectively.

Figure 33: Equivalent circuit for a MSM PD under illumination.

The photoreceiver amplifier is, in geheral, not sensitive to the input components
Rs, Cpags, and L of the I-MSM PDs, SO fhey are eliminated from the photoreceiver block
diagram shown in Figuré 34. The I-MSM PD simplified as a capacitor (Cysm) connected
in parallel with the amplifier, which is the input capacitance to the amplifier circuit. Iy is
the photocurfent geﬁéfated .by the 'M'SM PD. /Aﬁer a photocurrent is generated, the

current has to charge the Cym first, which gives rise to a RC time delay to the amplifier.
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The resistance of the MSM PD is usually in the range of kQ. The circuit simulation starts
with an assumption of input capacitahce of 50 {F for the MSM PD, corresponding to a
- detector with a diameter of 50 um. This capacitance is calculated using the conformal

method outlined in Chapter 1.

Amp. —

Ip CD Cmsm J—|:

Figure 34: Block diagram of MSM PDs on photoreceiver circuits.

7.1.1 1-MSM PDs Fabrication and Integration.

The CMOS chipé Wer"e ' desighe_d by Prof. Martin Brooke’s group and
manufactured through the MOSIS foundry. The I-MSM PDs were fabricated following
the process outlined in Chapter 2. The integration of I-MSM PDs onto Si CMOS
integrated circuits includes the following steps:

1) Photolithography and metallization of the pad (With overglass cut) on the CMOS
chips onto which the I-MSM PDs will be bonded.

2) Transferring I-MSM PDs onto the CMOS chipé.

3) Spin-coating polyimide (P12611) for adhesion enhancement.

4) Polyimide curing in an oven at 200°C for 1 hour.
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5) Plasma etching using a Reactive Ion Etcher (RIE) to remove the polyimide with
0;.
The polyimide (PI2611) has a high poise viscosity of 110 ~ 135, which helps to
adhere the I-MSM PDs to the bonding pads during spin-coating process. The majority of
the polyimide coating was removed during the RIE process, but the small amount of

polyimide residue “glues” the I-MSM PD very well to the chip.

7.1.2 I-MSM Integrated 400 Mbps CMOS Photoreceiver Chips.

I-MSM PDs have been integrated onto 400 Mbps photoreceiver chips, as shown
in Figure 35. The I-MSM PD is 200 pm x 200 pm with 2 pm/2 pm finger width and gap.
The MSM finger metallization is Ti (300 A)/Pt (400 A)/Au (2500 A). The I-MSM PD was

| fabricated with Bandwidth® material, which exhibits a responsivity of 0.42 A/W at
wavelength of 1.55um. The speed of the photoreceiver is limited by the bandwidth of the

circuitry.
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The measured eye diagram at a signal rate of 400 Mbps is shown in Figure 36,

which was tested in collaboration with Prof. Brooke’s group.

Figure 36: Eye pattern of integrated photoreceiver at a signal rate of 400 Mbps.

7.1.3 I-MSM Integrated onto 10 Gbps CMOS Photcreceiver Chips

I-MSM PDs with varied absorbing layer thickness and finger width/spacing have
been integrated onto CMOS photoreceiver chips. In the first sample, an I-MSM circular
PD with a 40 pm diameter and 2 pm/2 um finger width/gap fabricated in material 217
V(lOOO A InGaAs) was integrated The capacitance of the detector was 44 fF with
illumination. The e]ectrodes of the I- MSM PD were T1 (300 A) /Pt (400 A)/Au (2500 A).
The metal via on the photorecelver is T1 (300 A)/Au (2500 A). Figure 14 is a
photomicrograph Qf the thin film I-MSM PD bonded to a 10 Gbps Si CMOS integrated
circuit. The photccuxjr_ent_ ande dark current»-‘lof IfMSM PDs with the same structure were

tested separately on probing pads, and this data is shown in Figure 38.
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Figure 37: I-MSM PD integrated onto a 10 Gbps Si CMOS photoreceiver chip.
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Figure 38: Dark currents and photocurrents Qf I-MSM PDs on probing pads.
The impulse response of the I-MSM PDs integrated onto a separate BCB coated
Si/SiO, substrate (not the Si CMOS IC) with the same structure as that integrated onto

the IC, was tested at a bias of 9 V. The impulse response is shown in Figure 39. The long

tail indicates that the speed is limited by the transit time of the carriers in the PD. The
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bandwidth of the photoreceiver with the integrated PD was tested successfully at 1.5
GHz. The bandwidth performance of the photoreceiver was limited by both the I-MSM

PD and the circuit together.

lr:npulie reépons;e of I-MSM PD with 40/?2/2
on material of 217 : ;

E—Tt
~{l=rp2|"

Normalized Amplitude

0.00E+000 1.00E-010 2.00E-010 3.00E-010 4.00E-010 5.00E-010
Time (s)

Figure 39: The impulse response of I-MSM PDs with the same structure as the PD on the
CMOS photoreceiver chip.

The statistical modeling of on-wafer MSM PDs indicated that the bandwidth of
the PDs is mainly limited by the finger spacing, and increasing the absorbing layer
thickness from iOOO A to 3000 A has little effect. This was one of the results of the
research in this thesis, presente(i in Chapter 5. Higher responsivity PDs are desirable
because a larger input current .to: the receiver can, depending upon the receiver design,
improve the speed and/or sensitivity of the OEIC. Thus, in the second integration, an I-
MSM PD with a 3000')& absorbing layér was chosen fof higher responsivity. The size of

the I-MSM PDs was kept at 40 pm to maintain a small input capacitance to the
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differential amplifier. The finger width/spacing was designed with 1/1 pm to reduce the
carrier transit time. The integrated photoreceiver with the I-'MSM PD integrated onto the

chip is shown in Figure 40.
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Figure 40: (a) An I-MSM PD integrated onto the 10 GHz photoreceiver chip and (b) a
detail picture of the I-MSM PD on the chip. .

The electrodes of the I-MSM were Ti (300 A)/Au (3000 A) deposited using an e-
beam evaporator. The metal via had a thiclq1ess of Ti (300 A)/Au (3500 A). The increased
thickness of the via metal was designed to enhance the mechanical strength for multiple
probing of the pads. The I-MSM PDs w1th the same structure were integrated onto a glass
(SiO,) substrate for separate measurements The measured photocurrent and dark current
are shown in Figure 41. The da'rkz eurrent is less than 10 nA at a bias of 5 V, and the
responsivity is 0.1524 A/W at 1.55_fum wavelength illumination, which is much higher
than the 0.08 A/W responsivity of the first integrated PD.

The AC performance of the I;MSM PDs on probing pads was also measured, and
is shown in Figure 42. The average FWHM is 26.5 ps and tail length is 47.3 psata 9 V

bias. The measured -3dB frequency using the HP LCA is 11.17 GHz.
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The successful integration of InGaAs I-MSM PDs onto Si CMOS integrated
circuits demonstrates that the I-MSM can be independently optimized and
heterogeneously integrated onto Si CMOS circuitry. The large area, 200 pm x 200 pm I-
MSM PD bonded to the 400 MHz Si CMOS chip and the 40 um diameter PD bonded to
the 10 GHz Si CMOS chip are large area detectors for the capacitance and speed that‘they

exhibit, and thus offer alignment advantages for assembly packaging.
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Figure 41: Photocurrents and dark currents of I-MSM PDs on probing pads with the same
structure as the PD on the CMOS chip.
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Figure 42: Impulse response of I-MSM PDs on probing pads with the same structure as
the PD on the CMOS chip.

7.2 1I-MSM Integrated onto Waveguides as Optical Interconnects.

MSM PDs embedded in polymer Waveguides are a promising solution for chip to
chip optical interconnections. Figure 43 shows a schematic diagram of this optical
interconnection. A high speed-optical signal is coupled into a waveguide, and the guided
optical signals propagate along the core of the channel waveguide, and evanescently
couple into the I-MSM PD»embedded inside the cladding layer of the waveguide. The
coupling efficiency is detérrﬁined by the refractive index of the core and the cladding, the
length of the MSM PD along the waveguide, the distance from core layer of the
waveguide ‘t(; the top ‘of 'I-MSM, and the responsivity of the MSM PD. The bandwidth of

this interconnection is primarily limited by the photodetector.
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Figure 43: Schematic diagram of optical interconnect with I-MSM embedded inva
waveguide. L

To explore embedded PDs in waveguides, a collaborative project with Kyocera
was undertaken. Georgié Tech integrate'd the thin film PDs onto Kyocera ceramic and
Si/SiO2 substrates, and then Kyocera applied the waveguide and tested the samples. A
thin film I-MSM PD can be trénsferred to a host substrate after it is independently
fabricated and optirﬁized. A thermal process (anneal) usually follows the device
transferring and bonding to eﬁhance the adhesion of the I-MSM PD to the host substrate.
Different anneal temperatures after integration of the I-MSM PDs to the waveguide host
substrate have been investigated. Results show that the adhesion can be significantly
improved for a cure between 200 °C and 270 °C for 30 minutes or longer. The host
substrates are prepared by Ti/Au or Cr/Au metal pads on either Si/SiO; or ceramic
(Alumina: Al,03) by Kyocera. Next, thin film I-MSMs were bonded to the pads, and then
a thick siloxane (refractive index: 1.450) cladding material was spin-coated onto the
substrate and cured in a N flow envirOéngmeqt by Kyocera. This undercladding layer was
then etched back to approximately 1.5i pm fhick, followed by a 7 um wide TiO,-doped
siloxane oligomer core (refractive index: 1.455) for the channel waveguide. Finally, a
siloxane oligomer upper cladding waé deposited on the top. The fabrication of this

siloxane waveguide was carried out by Kyocera.
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7.2.1 I-MSM PDs Embedded into Waveguides at 1G bps.

A 1 Gbps optical interconnection has been demonstrated and published in a paper
as a result of this collaborative work. The MSM PDs had a size of 200 pm x 200 um with
finger width and spacing of 2 um/2 pm, and was fabricated from Bandwidth material
(InGaAs 7400A). The metallization of the MSM PDs were Ti (300 A)/Pt (400 A)/Au
(2500 A), where Pt was a diffusion barrier layer for Au atoms in the later waveguide
process (the high temperature (270 °C) curing of the polymers). Figure 44 shows a
photomicrograph of the I-MSM PDs embedded in waveguides on ceramic and silicon

substrates.

@ (b)

Figure 44: Photos of I-'MSM PDs embedded in waveguides on (a) ceramic and (b) silicon
substrates.

Since MSMs are Schottky contact devices, they are sensitive to thermal processes
such as those used to cure the waveguide into which the I-MSM was embedded. I-MSM
PD dark current measurements are shown in Figure 45 for a bias from 0 to 5.2 V, which

are conducted on I-MSMs that were annealed for 3 hours at 270 °C (the same as the
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siloxane waveguide fabrication process). The dark current rises significantly after the first
hour of anneal, with a continuous bake for another hour, the dark current decreases, and
then rises again to 34.2 nA at 5 V after the third hour of anneal (for a 3 hour anneal).
These results are consistent with I-MSM dark currents measured in embedded
waveguides, which, for the same device runs for the data above, resulted in an embedded
PD dark current of 42.8 nA. Although it has not been demonstrated in this research, the
metallization for I-MSMSs can be designed to produce lower dark current with another Pt
laygr deposited prior the Ti >’. This additional Pt layer can stop the diffusion of Ti atoms
into the semiconductor that will lower the Schottky barrier height. The Pt has a high
melting temperature, and this leads to overheating of the photoresist during-deposition in
the e-beam evaporator, which degrades the photoresist for the lift-off process. Therefore,
the first Pt layer is eliminated as a compromise to increase the process yield, but
sacrifices the dark current. The .photocurrents and dark currents during the annealing

process are shown in Figure 45.
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Figure 45: The dark currents and photocurrents as a function of anneal process for I-
MSM PDs on a waveguide substrate.

The optical signal is evanescently coupled from the waveguide into the embedded
PD. The refractive index of the siloxane waveguide core and cladding are 1.455 and
1.450, respectively. Using a 3D beam propagation (BPM) simulation, the coupling
efficiency from the‘waveguide to the I-MSM s theoretically calculated to be 7%: The
coupling efficiency has also been roughly estimated through measurement. To measure
the coupling iﬁto the embedded I-MSM, a DFB laser at a wavelength of 1310 nm was
coupled into a single mode fiber (core diameter 9.5 pm) and aligned to one end of the
waveguide. The I-MSM phot(;current was mdnitored to optimize the fiber to waveguide
endface alignment. Whgn the mode was guided, a sharp photocurrent peak was observed,
whereas side cladding modes had multiple soft peaks as the fiber was scanned across the
waveguide endface. At 1 Gbps, the average input power from the fiber was 0.40 mW,

producing 0.80 pA of output current from the I-MSM. The estimated coupling from the
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fiber to the waveguide is 90%, however, the waveguide loss in this expériment was
unusually (for this material) high, resulting in a total (coupling and propagation loss) of 8
dB from the fiber to the I-MSM. Thus, the incident optical power on the I-MSM was 64.6
pW. Using the 0.42 A/W I-MSM responsivity, and ignoring reflections, a worst-case
estimate of the evanescent coupling efﬁéiency is approximately 2.9%. The measurement
of coupling efficiency was done by Kyocera. The optical interconnection is packaged on
Si/SiO;, and ceramic substrates, and both of them demonstrated signal transport rate at 1
Gbps. Figure 36 shows an eye pattern at 1 Gbps for PRBS 27-1 for an I-MSM waveguide
embedded optical interconnection on ceramic and silicon substrates. The better bit efror
rate on ceramic substrate indicates that the substrates also limifs the bandwidth as well as

the I-MSM PDs.

(a) | (b)

Figure 46: Eye pattern of I-MSM PDs embedded in waveguides on: (a) ceramic and (b)
silicon substrates at a PRBS of 27-1.

7.2.2 1-MSM PDs Embedded in Waveguides at 10G bps.
There are two concerns in optimizing I-MSM PDs for high bandwidth optical

interconnections. First, the I-MSM PD has to have a small capacitance and fast carrier
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transit time to achieve high Bandwidth. Second, the I-MSM PD has to have sufficient
responsivity and coupling area to have good coupling efficiency from the waveguide to
the photodetector. The waveguide designed in this project is a channel waveguide with a
7 um/7 pm cross sectional core area. In order to optimize for the best coupling efficiency,
a rectangular MSM PD matched in width to the waveguide core was designed. To
physically realize the transfer of I-MSMs to these host substrates, and to precisely define
the waveguide channel on the top of the agtive area of the I-MSM, MSM PDs with a 20
um width (finger length) were chosen. The coupling efficiency from the waveguide to the
PD increases with the length of tﬁe bverlapping area, and saturates at 40 um to 50 pm ©.
Thus, a rectangular MSM PD was designed to have a length of 50 pm, which is much
smaller than the length ‘of 200 pm for the 1 Gbps optical links. To keep the parasitic
capacitance low, contact pads for smaller -MSM PDs were designed as shown in Figure
47 (a), in comparison to fhe'large contébt pads designed for the 1 Gbps links shown in
Figure 47 (b). However, large contact area MSM PDs enhance the adhesion of the metal
to metal bond for integration. The compromise between the adhesion and the bandwidth
results in a design of two stubs on both sides of the I-MSM PD for the electrical contacts.

Besides the optimized Shape designed for high bandwidth, the material thickness
and finger width/spacing also éffects the speed performance. From the DOE model and
correlation analysis of I-MSM PDs in this ghesis, it is clear that the finger spacing is the
determining factor for multi gigahertz operation, whereas the absorbing layer thickness is
not critical. An I-MSM PD with finger width and spacing of 1/1 um and an absorbing

layer of 2000 A was fabricated for waveguide applications at 10 Gbps. The I-MSM PD
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has an active area size of 20 um x 50 pm, which gives a capacitance of 50 fF calculated

with the conformal mapping technique.

() (b)

Figure 47: (a) Reduced parasitic capacitance contact pads, in comparison with (b)
previous designs, with larger contact pads.

The new integration for 10 Gbps optical links included a total of four I-MSM PDs
bonded to ceramic substrates, and has shibped to Kyocera. Two of them were further
adhesion enhanced with polyimide “glue” and another two were cured at 150 °C for half
an hour for metal to metal bonding enhancement. A picture is shown for the rectangular
MSM PD on a ceramic substrate iq Figqrc 48. The photocurrents and dark currents of the
I-MSM PDs bonded onto thecerartr;lipfsubstréfes were measured, and are shown in Figure
49. The average dark current was'i 66 nA and the average responsivity at A = 1.3 pm
illumination was 0.13 A/W. The m%lxjmﬁm ciark current was 12.7 nA. These samples are

currently in the waveguide fabrication process at Kyocera.
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Figure 48: I-MSM PD bonded on ceramic substrate.

A separately fabricated InGaAs I-MSM PD was tested for comparison to the I-
MSM PD embedded into‘ the polymer waveguide, and showed no degradation between
the embedded and separately tested I-MSM. The successﬁﬂ integration of I-MSM PD
onto waveguide substrate, démonstrating GHz bandwidth, shows that the I-MSM PDs
embedded into polymer waveguides is an effective way to realize high bandwidth planar
optical interconnects. With optimized design, the optical interconnects of i—MSM
embedded into waveguide will achieve multi gigahertz bandwidth, with good coupling

efficiency, and high mechanical reliability.
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Figure 49: Photocurrents and dark currents of integrated I-MSM PDs onto ceramic
substrates for 10 Gbps optical interconnections.
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CHAPTER 8

CONCLUSIONS AND RECOMMENDATIONS

8.1 Conclusions

In this work, on-wafer MSM PDs arrays were fabricated and the dark current,
responsivity, impulse response, bandwidth, and capacitance were studied. Photosensitive
BCB was explored as a new isolation material that demonstrated excellent parasitic
capacitance decoupling capability for metal to semiconductor probe pads', as well as
excellent process compatibility with on-wafer MSMs. Numerous samples were fabricated
and the responsivity, bandwidth, and capacitance were measured for DOE modeling. The

responsivity of on-wafer MSM PDs is modeled as

A
R =-0.0174-0.02248x FW +0.0227 x F + 0.4269 x MT
+(0.0146 x FW —0.022) x (5x MT - 0.6667) (8.1)

with a prediction error of 10.35%. The bandwidth model for on-wafer MSM PDs is

BW = 17.0247 —-0.0888 % FW —3.8063x FG—0.0399%x S
~1.8906x MT +(0.15625x FG —0.390625)x (0.1S - 5) (8.2)
~(0.19125x FG — 0.478125)x (5% MT — 0.6667)

with a prediction error of 3.31%. The bandwidth model showed that the finger spacing is
the most critical factor for det_ennjning the speed of the MSM PDs, while the active area
size, material thickness, and finger width have minor effects. The capacitance of on-

wafer MSM PDs is modeled as

A

cap =~7.425+7.5FW - 23.15FG - (0.25FW ~0.375)(FG-5) (8.3)
+(8.1FW ~12.15)(0.055 —3) - (0.378 — 22.125)(2FG - 5)
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with a prediction error of 11.09%. The optimization of on-wafer MSM PDs can be
realized with a thick absorbing layer for higher responsivity and 1 pm finger spacing for
fast transit time using standard photolithography fébrication. The I-MSM PDs could also
have large active areas for ease of alignment for applications where the PD capacitance is
not important.

I-MSM PDs with various active area size and finger width/spacing on different
materials were also fabricated and tested. The testing results were reported in Chapter 5.
The measured results further confirm that the I-MSM PDs in this thesis are transit time
limited, so the bandwidth increases with the increase of voltage bias and the reduction of
finger spacing. Optimized 'bandwidth results were achieved at finger widths and spacings
of 1/1 pm at biases over 7 V on material with 3000'A and 5000 A absorbing layer
thicknesses. Althdugh the size ‘of the active area for the I-MSM PDs does play an
important role in determining the capacitance, it is not a critical factor in determining the
bandwidth.

The correlation of I-MSM PDs with on-wafer MSM PDs was also investigated in
this work. As discussed in Chapter 6, the I-MSM PDs have moderate degradation in
speed performance but significant enhancement of responsivity with complete
elimination of finger shadowing to optical illumination.

Based on the MSM PD research, thin film I-MSM PDs were used in
photoreceiver and waveguide optical link applications. The CMOS photoreceiver chips
were design by Prof. Martin Brooke’s group for bandwidth of 400 Mbps and 10 Gbps.
The integration of I-MSM PDs onto the 400 Mbps photoreceiver resulted in a good eye

diagram with the bandwidth limitation cause by the CMOS circuit. An I-MSM PD with
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40 pm active area and 1/1 pm finger width/spacing fabricated on 3000 A InGaAs
absorbing material was also iﬁtegrated onto a 10 Gbps photoreceiver chip. The same I-
MSM PD separately integrated onto a glass substrate showed a measured responsivity of
0.1517 A/W and a bandwidth of 11.57 GHz.

Thin film I-MSM PDs were also integrated onto Si/SiO; and ceramic substrate for
waveguide optical links. For a 1 GHz optical link, I-MSM PDs with a responsivity of
0.42 A/W were embedded in a waveguide and had a good eye opening with 2.9%
coupling efficiency from the waveguide to the detector. To further improve the
bandwidth of the optical link, the I-MSM PDs (optimized for bandwidth and coupling
efficiency) were designed with a rectangular shape of 50 pm/20 pm and integrated onto
ceramic substrates. These I-MSM PDs had an average dark current of 6.6 nA and
responsivity of 0.13 A/W at wavelength of 1.3 pm. They are expected to have a
bandwidth over 10 GHz. This is collaborative work with Kyocera, and the optical links
with I-MSM PDs embedded in the waveguides are under evaluation at Kyocera now.

Thin film I-MSM PDs demonstrate high responsivity compared to conventional
MSM PDs, with moderate degradation in bandwidth. The low capacitance per area makes
them good candidates for integration onto alignmenf tolerant photoreceivers. The
inverted MSM PDs embedded in Waveguides offer a good architectural option for

~waveguide chip to chip optical links. In both the photoreceiver and waveguides
applications, integrated InGaAs I-MSM PDs demonstrated multi gigahertz bandwidth

operation.
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8.2 Recommendations

In this work, the study of impulse response and bandwidth suggests that the finger
spacing is the most dominant factor, whereas the material thickness and PD size are not
critical factors. The 1 pm finger spacing devices, even on thicker material (5000 A
absorbing layer thickness), have much better performance than 2 pm finger spacing
devices either fabricated from thin absorbing layer thickness material (1000 A) or small
detection area (20 pm diameter). My recommendation for future work therefore is to
optimize the devices with thicker absorbing layer for higher responsivity. I expected that
the transit time delay of carriers with absorbing layer thickness from 5000 A to 1 pm with
1 um finger width would be comparable with the time constant due to the capacitance of

the PDs.
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