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1. Introduction

Work in this project has focused on the development of SiGe/Si heterostuctures for
high-speed electronic and optoelectronic devices. We have studied the fundamental growth
processes of SiGe alloys and have elucidated important properties of adatom migration
during MBE that were hitherto unknown. We have characterized the use of a low
temperature Si(LT-Si) buffer for producing defect-free SiGe epitaxy layers. We have
fabricated strained Si n-MOSFETs grown on relaxed using the LT-Si buffer mechanism.
Work is continuing to fabricate high-frequency SiGe/Si HBTs and photoreceiver circuits.
We have also characterized high performance SiGe/Si electro-optic modulators. We have
explored light emitting sources on Si using InAs/GaAs quantum dots. We also present a
numerical formalism to address the band structure of p-type MOSFETs. The results in
each of these areas are described in the following sections.

2. Si,,Ge,/Si System and Epitaxy Description

Growth is performed using a three-chamber RIBER-32 growth system as shown in
Fig, 2.1. The three chamber systern minimizes contamination in the growth chamber
which might occur during sample loading, An electronically controlled shutter provides
quick on-off times for each port. An LN, cryoshroud is used to prevent the active solid
cells from overheating. Ultra-high vacuum conditions(10'°Torr) maintained during growth
using a turbomolecular pump(2200l/s), backed by & mechanical pump; an ion pump is used
during idle periods. In-situ surface monitoring is obtained by reflection high energy
electron diffraction(RHEED). The chamber is also equipped with a pulsed supersonic

valve for producing very high n-type doping concentrations(210”cm>)[1]. Pure disilane
and phosphine(1% in H,) are used as gas sources. Solid source germanium(Ge) and
Boron(B) are also used as source materials.

Main
chamber
(N3 cooled)

uleed valve port

RHEED gun
RHEED
screan
Residual gas analyzer
To turbo pump
Introduction
e
[ X I
] Gate valve
To ion pump To eryo pump

¥~ Magnetically coupled ;4
sample transfer rocs

Figure 2.1, Schematic of three chamber RIBER-32 growth system
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3. Kinetics of Si,,Ge,/Si (0<x<1) Growth by Molecular Beam
Epitaxy Using Disilane and Germanium

Two series of Si,,Ge, layers were grown. In the first, the Ge content was varied

by keeping the Ge cell tcmperature constant at 1120°C and varying the Si;H, flow rate,
with an MKS mass-flow controller, in the range of 0 to 55 sccm, In the second set of
samples, the Ge content was varied by holding the SiH, flow rate constant at 14 sccm and

varying the Ge cell temperature in the range of 1000-1200°C. It may be noted that all the
layers were strain relaxed, their thickness being larger than the critical thickness. The alloy

composition was determined by double-crystal x-ray measurements, using CuKa, line,
and was confirmed by RBS measurements.

Fi&urcs 3.1(z) and (b) show the variation of growth mte with Ge content in the
alloy for the two methods of growth, In the first case, when the Ge cell temperature, or
flux, is held constant, the growth rate monotonically decreases with Ge content in the alloy.
However, when the composition is varied by varying the Ge flux, as shown in Fig. 3.1(b),
the growth rate first decreases and then increases sharply. It is important 10 note that

growth rate data for alloys with high Ge content(x20.4) have not been hitherto reported.

The growth behavior indicated by Fig. 3.1(a) is easily understood. As the Si,H,
flow rate is decreased, the Ge content in the alloy increases, but the growth rate decreases.
The growth phenomenon represented by the data of Fig. 3.1(b) is more interesting. Here
the Si,H, flow rate maintained constant, and the different alloy compositions are obtained
by varying the Ge flux. One would expect that the growth rate initially decreases up to
x=0.5 and then increases. A curve-fitting indicates that the measured data can be the sum
of two curves, one decreasing slowly with x(shown in Fig. 3.1(b) by the dashed line) and
the other increasing with x(shown in Fig. 3.1(b) by the dot-dashed ling). The lamer
represents the increase of growth rate with increasing Ge flux. the curve however would
suggest that there is actually a surface phenomenon that tends to decrease the growth rate
with increasing Ge flux. From the measured growth rates as a function of x, it is clear that
the prescnce of Ge tends to decrease the Si incorporation rate. This establishes growth via
migradon to kink sites in a dissociadve chemisorption process.

500
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800 f

T,=€%C |
200 } To =1120°C
Fﬂ?l‘:u--ssw:m

A

1000.0 o2 04 06 08 1.0

x
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60D

Growth Rete (Afmin)

T,=630°C
Fap, = 14 £CCM

4
o0 Tqq = 1000 -- 1200 °C

®
Figure 3.1 Si, ,Ge, layer growth rates as a function of Ge fraction for two growth methods:

(a) the Ge cell temperature is held constant at 1120°C and the Si,H, flow rate is varied; (b)
the §i,Hj flow rate is held constant at 14 sccm and the Ge cell temperaturc is varied.
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4. Low Temperature Si Buffer Layers and its Impact on
Heteroepitaxy

4.1 Introduction

One of the obstacles of producing defect-free Si, ,Ge, epitaxy is the generation of
misfit dislocations due to strain relaxation at the substrate/epitaxy interface. The 4% lattice
mismatch between Si and Ge is compensated by an increase in the strain energy at the
Si, ,Ge,/Si interface, resulting in the growth of a pseudomorphic crystal, Above the critical
thickness, threading dislocations form in the Si, ,Ge, layer which can degrade material
quality resulting in poor device performance(2]. Several authors have used superlattice and
step-graded layers to reduce the threading dislocation density producing mixed results[2-9]
Such methods require fairly thick layers(~1jum) which can contribute to poor lithography.

Several authors have been successful in producing defect-free epitaxy using either
amorphous, polycrystalline, and low-temperature buffer layers. Chen et al. has reported
significant dislocation reduction in bulk Si,,Ge, layers using a low temperature Si
buffer[10] Amano et al. has had amazing success producing defect-free GaN films for
ultraviolet laser diodes using a low temperature AIN buffer layer[11). We have
investigated the use of a low temperature Si(LT-Si) buffer for reducing the threading
dislocation density in relaxed S;,,Ge, /Si heterostructures.

4.2 Results and discussion

For our LT-S1 study, an initial Si buffer was grown at 700°C followed by a 0.1pum
thick LT-Si layer grown at 450°C. A 0.5um thick Sijg;Ge, s was then grown uander

normal growth conditions at 570°C. In comparison, a control was grown which consisted
of an initial Si buffer followed by a 0.5pm thick Si,;.Ge, s grown under normal growth
conditions. '

XTEM micrographs of heterostructures without and with the LT-Si buffer layer, as
shown in Figs. 4.1(a) and (b), respectively, indicate that most or all of the threading
dislocations are contained below the SiGe/LT-Si interface. Because there are no threading
dislocations in the micrograph provided, one can conclude that the total number of
dislocations in the bulk SiGe layer is at most 10‘cm™[6]. In the sample without the LT-Si
buffer, the threading dislocations propagate to the Si, ,Ge, layer surface, as expected.

Another study was conducted comparing the efﬁcacy of the LT-Si buffer defect
reduction mechanism with Si, ,Ge, layers of different Ge compositions. The samples were
grown on p* (100)-oriented Si substrates by ultra-high vacuum chemical vapor
deposition(UHV-CVD). Germane(10% in helium) and ULSI-grade silane(100%) were

used as gas sources. The sample consist of a 0.2um thick LT-Si buffer grown at 425°C
followed by a 0.7um thick Siy,Ge,, and Si, Ge,,, respectively, grown under normal

growth temperatures at 525°C. Bright field (200) cross-section imaging indicates a near
defect free SiGe region, as shown in Fig. 4.2(a). Bright field plan-view(022) imaging of
the same sample, shown in Fig. 4.2(b), indicates that the dislocation network is contained
within the LT-Si buffer layer. For higher Ge(>40%) composition samples, as shown in
Fig. 4.2(c), optimization of the LT-Si buffer layer for higher Ge composition alloys is still
under investigation.
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Figure 4.1. Bright-field(200) cross-section TEM Iim Sig gG€, s STOWN ON
Si: (a) without and (b)with LT-Si buffer.
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. 0.2um
Figure 4.2. (a)Cross-section and (b)plan-view TEM images of a 0.7um 8i,,Ge,, layer
grown on a 0.2um LT-8i buffer layer. (c) shows the cross-section of a Si, Ge,, layer
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Double crystal x-ray measurements of the Siy,Ge, ) layer without and with the
LT-Si buffer layer indicate that the width(FWHM) of the rocking curve corresponding to
the alloy peak is reduced from 450 arc seconds to 371 arc seconds, respectively. Hall
measurements were performed at room temperature on 1jpm thick Siy,Ge, 4 layers grown
with and without the LT-Si buffer layer. The samples were boron doped at

3.4+1.8x10""cm®. Ohmic contacts were made from indium dots annealed at 400°C for 10
minutes. ‘Hole mobility improved from 160+18cm?V-'s’ to 200+2.5 cm’V"'s" by
incorporating the LT-Si buffer layer. The mechanism for threading dislocation reduction is
still under investigation, We suspect that because of the low growth temperature, a large
number of point defects are generated in the LT-Si buffer layer. As the musfit dislocations
propagate through the LT-Si layer, they become trapped by the defects and are annihilated.

From Fig. 4.1(b), one should note the existence of threading dislocations in the
substrate region just below the LT-Si buffer layer. We believe that the threading
dislocations found deep inside the substrate are generated from the activation of modified
Frank-Read sources which can relieve the strain in the SiGe epilayer{12]. The bowing
mechar[xésrlx; ]is also observed in samples using graded layers and superlattices to relieve
strain [6,13). -

4.4 Conclusion

We have investigated a new defect density reduction method for SiGe
heterostructures which uses an LT-5i buffer layer. Both gas-source MBE and UHV-CVD
technologies have demonstrated threading dislocation densities as low as 10%m?,
Preliminary SiGe/Si n-p-n HBTs exploiting the LT-Si buffer layer have been grown and

fabricated.

5, Strained Si n-MOSFETs Grown on Relaxed Si, .Ge, Using
a Low Temperature Si Buffer

5.1 Introduction

Pseudomorphic strained Si n-MOSFETs grown on relaxed Si;,Ge, layers have
recently demonstrated higher clectron mobilities than bulk Si due to' the lifting of the
conduction band degeneracy at the Si, ,Ge,/Si interface[14,15]. Intervalley scattering in the
valence band is also reduced because of the increased separation between the split-off and
valence bands, resulting in higher hole mobilitics in strained Si p-MOSFETs[16]. The
staggered Type-II junction formed at the tensily strained Si, Ge,/Si interface also improves
carrier confinement in the Si channel, which is otherwise difficult due to the near-zero
conduction band offset in these heterostructures.

5.2 Results and discussion

Schematics of the strained Si and conventional Si n-MOSFETs arc shown in
Figures 5.1(a) and 5.1(b). The corresponding band diagram of the strained Si device,
shown in Figure 4(c)., shows a conduction band offset of 150meV. The devices were
grown on p’(100) substrates by UHV-CVD. The initial 0.2um Si buffer for both devices
was grown under normal growth conditions at 525°C. The control device contained an
additional 0,7um epitaxy Si layer grown under normal growth conditions. For the strained
Si device, an 0.2um LT-Si buffer was grown at 450°C followed by a 0.7um Siy Geg,
layer and a 12nm Si channel . Relaxation of the SiyGe,; layer was confirmed by X-ray
diffraction.
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Energy(eV)

si n=1x10'6  13nm

Si  p=1x1016 500nm Sio.eGep.z p=1x101¢ 500nm

LT-Si p=1x1016  200nm

(100) p- Substrate (100) p- Substrate

EF EC

(@) (b) (c)

Figure 5.1 Schematic of (a) conventional Si n-MOSFET, (b) strained Si n-MOSFET, and -
(c) the corresponding band diagram of device (b).

Dry oxidation, using a Limbergh furnace, was used to form the gate oxide. The samples
were cleaned using a modified Piranha clean which includes & 15 min. emulsion in
H,0,:H,S0,(1:1) followed by a 3 min. cascade rinse. Native oxide removal was
performed in & HF:DI H,0(1:10) solution for 30 sec. The samples were immediately
placed in the furnace. The gate oxide (~12nm) was then grown at 750°C for 120 min.
followed by 10 minute anneal in N, gas ambient.

The oxide thickness had to remain below 12nm whereas not to consume the entire
Si channel during oxidation. Calibration of the oxide thickness was obtained using
capacitance-voltage(C-V) measurements. The samples were n* (100)-oriented Si substrates

with resistivities between 0.008-0.02Q-cm. After oxidation, the samples were patterned
by Cr/An (500/2500}\) metallization. Oxide removal was performed on the unmetallized
substrate by a 30 second BHF dip; the substrate was then used as a contact.

Figure 5.2 shows a schematic of the device fabrication process. Dry-etched mesas
were used for device isolation. Phosphorus ion implants were used to define the
source/drain regions(6x10'“cm™, 25keV). A two-step low temperature anncel is used for
implant activation((i)550°C for 40 min. to repair damaged Si and (ii)750°C for 20 min. to

activate dopants). A sheet resistance of 2X10°Q-cm was obtained. Pure Al(2500A) is
evaporated for ohmic contacts and annealed at 450°C for 15 minutes in forming gas.
Cr/Au(500/2500A) metallization is used to define the gate metal.

Typical I-V characteristics of the strained Si n-MOSFET are shown in Fig. 5.3(a).
From the output characteristics of 1lum gate transistors, we find that peak high-field
transconductance, g,., is 14mS/mm, 20mS/m and 25mS/mm respectively, for the
conventional MOSFET, the MOSFET with graded Si,_ Ge, buffer, and the MOSFET with
the LT-Si buffer layer. Cutoff is ~1V. A comparison oF g, for the conventional Si and
strained Si n-MOSFET and are shown in Fig. 5.3(b). The low current is due to the low
carrier density in the channel. High current resistivity is reflected in the high saturation at
voltage(Vpe=5V) at V,=3.0V. Similar results were obtained from the conventional Si
device. After increasing the implant energy to 100keV, we found lower sheet resistance;
the saturation voltage, at V=3.0V, reduced to V,;=3V. The effective electron mobility,

1, ~=(01,6/0V ) L/W)(V 5sCoy) indicates a higher maximum mobility of 71 lcm?/Vs for the

strained n-MOSFET with the LT-Si buffer layer compared to 248 cm?/Vs with conventional
Si n-MOSFET.
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2. Mesa etch

p- Strained Si Channel
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4. Ohmic metal evaporation

Relaxed SiGe

p LT-Si buffer

p- Si Substrate

5. Gate metal evaporation

Relaxed SiGe

p-

LT-Si buffer

D

Si Substrate

Figure 5.2, Schematic of device fabrication process

5.3 Conclusion

We have fabricated strained Si n-MOSFETSs grown on relaxed Si, ,Ge, alloys

exploiting the LT-Si buffer defect reduction mechanism. A comparison between strained Si
and conventional Si devices indicates that device performance is enhanced with the strained
Si channel. Fabrication of submicron gate devices is currently being investigated.
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transconductance performance between strained Si and conventiopal Si n-MOSFETSs.
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6. Monolithically Integrated SiGe/Si PIN-HBT
Front-End Transimpedance Photoreceivers

6.1 Introduction

The commercial market for optical communication keeps expanding as modem society
requires faster communication systems with higher capacity. In a large scale, long-haul fiber opti-
cal communication is spreading quickly and is ready for penetration into homes and offices. In a
small scale, local optical data link is expected to replace electrical interconnection for high-speed
computation and switching application[17]. As a result, the demand for components comprising
optical communication systems is rising rapidly. To meet this huge demand, mass production is
necessary and this requires a technology with low cost and high reliability. Till date, III-V based
technology has primarily dominated these applications owing to its high-speed characteristics,
superior optical properties, and feasibility to incorporate materials corresponding to 1.3 pm and
1.55 pm wavelength, which are required for long-haul fiber optical communication system based -
on silica optical fibers in terms of low dispersion and low 1oss, respectively. The high-cost nature
of II-V technology, however, remains a major impediment for it to be a favorable candidate for
growing commercial applications which requires mass production. In contrast, Si-based technol-
ogy benefits from its low cost and high reliability which is essential for commercial applications.
There has been & lot of efforts to implement optical system components with Si technology,
mainly for receiver modules. Such efforts started with hybrid approaches that combines III-V
based photodiode to Si-based transimpedance amplifiers to make advantage of optical and high-
speed properties of III-V materials and low cost nature of Si technology[18][19]. This approach,
however, still suffers from its complexity and unreliability. Monolithic photoreceivers based on
silicon, which eliminate the shortcomings of the hybrid realized by incotporating both photodiode
and transimpedance amplifier on one chip, have been reported recently[20-23]. If the SiGe/Si het-
erostructure technology is incorporated to this monolithic approach, more advantages can be
expected. SiGe/Si technology offers superior high speed characteristics than Si technology does,
and it may be compatible with 1.3 im and 1.55 pm wavelength by proper choice of Ge mole frac-
tion in SiGe alloys while keeping the cost still low because it is basically based on existing
matured Si technology. To the authors’ knowledge, no SiGe based monolithic photoreceiver has
been yet reported. In this paper, we report the development of SiGe/Si PIN-HBT technology and
demonstrate the performance characteristics of transimpedance amplifiers and monolithically
integrated PIN-HBT front-end transimpedance photoreceivers based on SiGe/Si heterostructures.

6.2 Fabrication

The schematic of the 8iGe/Si PIN-HBT structure is shown in Fig. 6.1, A thick arsenic-doped
subcollector layer is grown by CVD on (100) Si wafer with high resistivity (p>2000 Qcm). Then
the wafer is loaded into the MBE chamber, and antimony-doped Si collector layer, boron-doped
$i; xGe, base layer, and antimony-doped Si emitter and emitter contact layer are grown. Uninten-
tionally doped spacer layers are inserted in both sides of base to minimize the effect of boron out-
diffusion. Ge mole fraction in the Si,Ge, y alloy incorporaied as & base layer is graded from

10
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Emitter Contact Si n+ lel9 200 nm
Emitter Si n 2el8 100 nm
Spacer Sip 9Gegpy i 1nm
Base Sij.xGey x:01~04  p+ Sel9 30 nm
Spacer Sip ¢Geg 4 i 10 nm
Collector Si n- lel6 250 nm
Subcollector Si n+ lel9 L5 um
Substrate Si p- 2el2 540 um

Fig 6.1. Schematic of the SiGe PIN-HBT structure

x=0.1(emitter side) to x=0.4(collector side) 10 generate a quasi-electric field. This field is intended
to accelerate electrons travelling through the base to collector, resulting in smaller base transit
time and eventually higher cut-off frequency compared to a uniform Ge composition profile. The
fabrication procedure of the circuit begins with the deposition of emitter metal(Cr/Au=500/2000
A) by evaporation on the Si contact layer. This layer is used as an etch mask for subsequent emit-
ter mesa etch. Emitter mesa is formed with two step erch: dry and wet etch. First, SFg and O,-
based anisotropic reactive ion eich (RIE) removes most portion of the emitter layer without under-
cut. Then, KOH-based selective wet etch is done to expose highly doped SiGe base layer with
selectivity. This wet etch is accurately controlled to optimize the undercut for the minimization of
the base access resistance and the successful formation of the following self-aligned base metal
contact. Rapid thermal annealing(RTA) is done for the optimized ohmic contact of emitter metsl
in between two etch steps. Evaporation of the self-aligned base metal(P/Au=200/1300 A) fol-
lows, and then base mesa is formed by RIE resulting in the exposure of the highly doped subcol-
lector layer for collector contact. The base contact is also used as a p-contact for PIN photodiodes.
Collector metal(Ti/Au=500/2000 A) contact, also used as a n-contact for photodiode, is defined
by evaporation on the exposed highly doped subcollector layer, and another RTA is performed for
base and collector ohmic contact. A deep RIE is done to completcly remove the subcollector layer
between active devices for isolation, and SiO; layer(1um) is deposited by PECVD for the separa-
tion of electrode metal contacts of the devices from following interconnection metal layer. This
Si0O; layer also behaves as a passivation layer for HBTSs and an anti-reflection coating for photo-

diodes. Via holes for contacts are formed by selective dry etching of the SiO, layer, followed by

the evaporation of thin film resistor (NiCr=700 A). The measured sheet resistance of the resistors
was around 25-Q/Q. Thick interconnection metal(T/AVTVAu=500/11000/500/3000 A) deposi-
tion is followed for the formation of measurement probing pads. Finally, airbridges are formed for
the formation of inductor feedlines and crossovers of metal layers by the evaporation of thick
metal(TY/A/Ti/Au=500/14000/500/3000 A).

6.3 Results and Discussion

11
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Fig. 6.2, Frequency response of the fabri- Fig. 6.3. Dark- and photo-current of the
cated SiGe/Si HBT fabricated photodiode

The process described above leads to devices with high yield and excellent characteristics.
From the current-voltage characteristics of HBTs with the emitter size of 2.5 Hmx10 um, DC cur-
rent gain B is measured to be 25 and the breakdown voltage to be 5 V. The collector and base ide-
ality factors of the devices, extracted from its Gummel plot, are n=1.12 and ny=1.84,
respectively. The S-parameters were measured with a HP8510 network analyzer in the 0.5 GHz-
25.5 GHz frequency range. Cut-off frequency fy and maximum oscillation frequency ., of the
device were obtained from the extrapolation of the values of current gain h21 and unilateral power
gain U at 20 GHz with the assumption of -6 dB/octave roll-off. They are 23 GHz and 34 GHz,
respectively, as shown in Fig. 6.2. The £, value is believed to be limited by the base resistance,

especially base access resistance and base spreading resistance arising from the thin base

region(300 A) and insufficiently high base doping level, which is measured 1o be 1x10% cm™ by
spreading resistance analysis. With a higher base doping level and the modification of emitter area
and shape, enhanced f,,,, value is expected.

Electrical and optical properties of mesa type PIN photodiodes, employing SiGe p+ base layer
and Si n- collector layer of HBTs as p-type contact layer and intrinsic absorption layer, respec-
tively, were characterized. The device has a 12umx13um lateral dimension and ring-shaped p-
type contact, so that the incident light can be absorbed through the inner square of the ring, while
the electric field in the absorption region is kept symmetric for the uniform collection of the gen-
erated carriers. Figure 6.3 shows the dark- and photo-current of a device with the incident light of
power Py,=22 uW at A=850 nm. The dark-current level of the photodiodes were measured to be
100-200 nA at 5 V, which is rather high. The hi gh values are believed to result from the base metal
annealing during which base metal possibly penetrates through the thin base layer, leaving the B-
C junction leaky. The measured responsivity has a typical value of 0.3 A/W at 5 V and increases
steadily as the reverse bias is increased. This responsivity is quite reasonable for optical receiver
applications. Corresponding external quantum efficiency is 43%. The bandwidth of the photo-
diodes was measured with the following measurement setup. Light from a GaAs semiconductor
laser with the center frequency of A=850 nm was coupled into a single-mode optical fiber and
modulated by an modulator and a HP8350 sweeper. A polarization controller was inserted at the
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input of the modulator to minimize the coupling loss. The modulated light was focused on photo-
diodes with a tapered optical probe and the electrical response of devices was measured with a
HP8593A spectrum analyzer. An amplifier was inserted at the input of the spectrum analyzer to
enhance the power level of the electrical response of photodiodes. The bandwidth of the photo-
diodes measured were around 450 MHz at the reverse bias of 9 V. It was observed that the band-
width increases as the applied reverse bias increases. This relatively low bandwidth can be
ascribed to the slow diffusion effect of the generated carriers. The intrinsic absorption region of
the fabricated photodiodes was proved to be too thin and only a small portion of the incident pho-
tons are absorbed in that region. A much more numbers of photons are absorbed and correspond-
ing carriers are generated in subcollector and bulk regions, in which case the photo-generated
carriers travel a long distance to reach electrodes by slow diffusion mechanism, resulting in a
gmall bandwidth. By a simple calculation, we can obtain the ratio of photon absorption in the
intrinsic region to the total photon absorption. The total photecurrent consists of drift(Jg.q) and

diffusion(Jgigusion) components, which arise from the carrier generation in the depleted region and

the neutral region, or intrinsic region and subcollector/bulk region in the given structure, respec-
tively. Bach component cen be expressed in terms of the device parameters as{24],

w -
Tanp = =af, G)x = q®y(1-¢ ¥ )
J = g® oL, aw 2
diffusion = 9907 +°‘Lpe , (2)

where G(x) is the hole-electron pair generation rate, @g is the incident photon flux per unit
area, . is the absorption coefficient, W is the width of the inminsic region, and Ly is the hole dif-

fusion length in the bulk region. Therefore, the ratio of the number of the generated of carriers in
the intrinsic region to the total number of the generated of carriers, which is identical 1o the ratio
of photon absorption in the intrinsic region to the total photon absorption, can be expressed as,

\i4
Jdrﬂ _ "d"f"' - (1 +°-Lp)(1 "i-_a__). (3)

J toral o arine * J diffusion (1+ol,- e’“w)

By substituting 0=650 cm* for Si at A=850 nm, W=250 nm, L,=4.5 pum in the subcollector,

we obtain the value of the ratio to be 0.068. This implies that less than 7% of the total carrier gen-
eration occurs in intrinsic region, while more than 93% of the toral carrier generation occurs either
in subcollector or bulk region in the given photodiode structure. This strongly suggests that the
bandwidth of the device is dominated by the carxiers generated in the su beollector and bulk region
which is very slow, and this explains the measured small bandwidth. By increasing the thickness
of the intrinsic layer, more portion of the injected photons are expected to be absorbed in the
intrinsic layer so that transit time through the depletion layer dominates the speed of the device,
leading to the improvement of bandwidth. This is contrary to the common belief that the thinner
the intrinsic layer, the larger the bandwidth. Too thick an intrinsic layer, however, will result in the
increase of transit time, leading 10 the degradation of the speed. This implies that there exists an
optimum value for the intrinsic layer thickness in terms of the bandwidth of photodiodes.
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Fig. 6.4. (a) Circuit diagram of the fabricated single-feedback rransimpedance amplifier
(b) Circuit diagram of the fabricated dual-feedback ransimpedance amplifier

Single- and dual-feedback transimpedance amplifiers based on SiGe/Si HBTs with emitter
size of Spmx5um were designed, fabricated and characterized. Figure 6.4(a) shows the circuit
diagram of the single-feedback transimpedance amplifier. It is composed of a common emitter
gain stage, two emitter follower buffers, a resistive feedback loop, and a front-end inductor. The
feedback resistor Ry determines the bandwidth, gein, and noise characteristics of the amplifier
and the value should be selected based on the trade-off between these parameters. By the increase
of Rg value the gain and noise characteristics of the amplifiers are improved, while the bandwidth
is degraded. In this study, the value of R was chosen to be 550 Q, with slightly more emphasis on
the bandwidth. The circuit diagram of the dual-feedback amplifier is shown in Fig. 6.4(b). It
includes a second gain stage following the first one, and an extra feedback loop including a resis-
tor R, This second feedback, long with the reduced value of Rgy(200 Q), increases the band-

width of the amplifier. Second gain stage amplifies the signal to a higher level, compensating for
the possible reduction of gain at the first stage from the additional feedback resistance, conse-
quently leading to an increase in overall gain-bandwidth product of the amplifier compared to the
single-feedback amplifier. The S-parameters of the fabricated amplifiers were measured with a
HP8510 network analyzer in the 0.1 GHz-10.0 GHz frequency range. Figure 6.5(a) shows the
transimpedance gain versus frequency characteristics of 2 single-feedback amplifier circuit. It
shows a transimpedance gain of 45.2 dBQ and -3 dB bandwidth of 3.2 GHz at the bias point
V=3 V. The frequency response of a dual-feedback amplifier is shown in Fig, 6.5(b). The tran-
simpedance gain is 47.4 dBQ and the -3 dB bandwidth s measured to be 3.3 GHz at the bias point
of V=T V, which shows improvement in both gain and bandwidth compared with the single-
feedback version as the design of the circuit intended. Some uncharacteristic tipples are shown in
the frequency response of the amplifiers. These are believed to originate from an electrical oscilla-
tion generated within the measurement system consisting of the network analyzer and a DC volt-
age power supply. A moderate gain overshoot can also be seen in the frequency response of the
cireuits. This is ascribed to the parasitic inductance arising from the narrow coplanar ground line
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Fig. 6.5. (a) Frequency response of the fabricated single-feedback ransimpedance ampli-
fier

surrounding the whole circuit.

Monolithically integrated photoreceivers based on SiGe/Si HBTs and PIN photodiodes were
designed, fabricated and characterized. Figure 6.6. shows the circuit diagram of the single-feed-
back photoreceiver. The topology is basically same as the single-feedback transimpedance ampli-
fier described above, except for the diodes on each stage employed in order 10 optimize the bias
points. The feedback resistance Ry has the value of 400 ) The frequency response of the photore-

ceiver was measured with the identical measurement setup for the photodiodes described above.
The relative response of the photoreceiver with the bias point of V=6 V for the amplifier circuit

and Vpp=9 V for the photodiode is shown in Fig. 6.7. The -3 dB bandwidth is measured as 460

MHz, which is much smaller than that of the transimpedance amplifier with similar topology. It is
obvious that the bandwidth of the photoreceiver is limited by the bandwidth of the incorporated
photodiode, not by the mansimpedance amplifier which is often the case. The cause of the small
bandwidth of the photodiode is described above and it can be improved by the optimization of the
intrinsic layer thickness. If the bandwidth of the photodiodes excecds that of transimpedance
amplifiers by structure optimization, the bandwidth of the photoreceivers will be determined by
the bandwidth of the transimpedance amplifiers. The bandwidth of transimpedance amplifiers
may be improved by design optimization even with the current technology, and this will lead to
the increase of the bandwidth of the photoreceivers to several GHz, in which case the circuit may
be applied to multi Gb/s applications. As the absorption layer of the PIN SiGe photodiode is com-
posed of Si, the operating wavelength range of the fabricated photoreceivers will be suitable for
optical data link application, which does not requirc 1.3 um nor 1,55 um wavelength for low dis-
persion and loss. By implementing the collector layer of the SiGe/Si HBT, which is shared as the
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absorption layer of the photodiode, with SiGe alloys with 209:-40% Ge concentration, the detect-
able wavelength range of the SiGe photoreceiver will be extended up to 1.3 ym and even to 1.55
um, and it may find applications even in long-haul optical communication systems. To implement
the thick absorption layer with relatively high Ge concentration without significant dislocation,
special buffer layers such as graded SiGe buffer layers, superlattice buffer layers, or low tempera-
ture Si buffer layers will be required[25].

6.4 Conclusion

SiGe/Si PIN-HBT technology has been developed and applied to the fabrication of transim-
pedance amplifiers and monolithic SiGe/Si photoreceivers for the first time. A SiGe/Si HBT
exhibited the fr and £y, of 23 GHz and 34 GHz, respectively, with the DC gain of 25, Mesa-type

PIN photodiode showed responsivity of 0.3'A/W at A=850 nm and diffusion limited bandwidth of
450 MHz. Fabricated single- and dual-feedback transimpedance amplifiers exhibited the band-
width of 3.2 GHz and 3.3 GHz with the transimpedance gain of 45.2 dBS2 and 47.4 dBX2, respec-
tively, Fabricated monolithic photoreceiver showed the bandwidth of 460 MHz, which is
apparently limited by the performance of photodiodes. With the optimization of the PIN-HBET
material structure, the bandwidth of the photodiode is expected to be improved to exceed that of
transimpedance amplificrs. Combined with the design optimization of the transimpedance ampli-
fiers, this will result in monolithic SiGe/Si photoreceivers operating at multi Gb/s for optical com-
munication applications. The application can be extended to long-haul fiber optical
communication systems by employing SiGe alloy to the absorption layer of PIN photodiode.
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7. Electro-Absorption and Electro-Optic Effect in SiGe/Si Quantum
wells: Realization of Low-Voltage Optical Modulators

7.1 Introduction

The realization of optoelectronic and optical devices with SiGe/Si heterostructures has been of
interest for the possibility of integration with Si-based microelectronics [26]. While detectors and
photoreceivers have been demonstrated with this heterostructure, the realization of light emitters
and modulators has been more elusive. Light modulators are of particular interest for silicon-
based optoelectronics and optical interconnects,

Quantum-well modutators based on the Stark effact, commonly known as quantum-confined
stark effect (QCSE) modulators [27], have been very successful with ITI-V-based quantum wells.
The operation of similar devices made with pseudomorphic SiGe/Si quantum wells have been
largely unsuccessful [28-30]. The reason for this has become clear from the recent study by Miy-
ake et al. [31], and originates from the small conduction band offset, A E, of SiGe/Si heterostruc-
ture [32]. The electron wavefunction is very weakly localized in the conduction band well even
under flat-band (zero-field) conditions. With the application of even a small transverse electric
field, the exciton binding energy is sharply reduced, leading to a blue shift of the transition energy.
This blue shift more than balances the field induced red shift due to the Stark effect. As 2 result,
the QCSE is not observed in SiGe/Si modulators [31]. It might be possible to make modulators
with SiGe/Si type-II quantum wells because of the very large electron effective mass (0.92 m,)
and consequently large exciton binding energy in these structures [28]. However, such devices are
yet to be realized.

Interestingly, however, the weak confinement of the electron wavefunction in the SiGe/Si type
I quantum well can be utilized to realize a low-voltage modulator. It may be noted that the Si and
Ge lattices are centro-symmetric and therefore exhibit no electro-optic effect. In SiGe/Si quantum
wells, photons with energy equal to the electron-heavy hole transition energy will be absorbed
with phonon participation under flat-band conditions. A small transverse electric field will reduce
the oscillator strength of this transition due to delocalization of the electron wavefunction (while
the heavy hole remains confined) and the absorption will be reduced to small value. Thus, modu-
lation will be dependent on controlling the overlap integral between the electron and hole wave-
functions. It is important to note that unlike the QCSE clectroabsorption modulator, the photon
energy of choice in this scheme, for optimal operation, should be higher than the bandgap of the
SiGe well.

Because Si;.,Gey remaing an indirect bandgap semiconductor for all values of x, most of the
absorption-related work has focussed on inter-subband absorption [33-38]. To our knowledge,
there has been no theoretical or experimental study of interband absorption phenomena in SiGe/Si
quantum wells, The objective of the present study was therefore to explore the dependence of the
absorption coefficient of 8iGe/Si quantum wells as 2 function of transverse bias both theoretically
and experimentally. We have examined both symmetric (square) and asymmetric (graded gap and
coupled) quantum wells, To complete the study, the refractive index change and the corresponding
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electro-optic coefficient have also been determined.
7.2 Theoretical Techniques
7.2.1 Envelop Function

The electronic properties of the heterostrucrures are obtained by solving Schridinger’s wave
equation end Poisson’s equation. The carrier wavefunctions are evaluated using the time-indepen-
dent Schrdinger equations

—-2 l
[E:Tu'%"'vn(z)]\l‘n(z) = Ey'(2) v
% d p P
[2_';.‘;.2-_"+Vp(z)]\|! (z) = E)y (2) (2)

where Vy(2), Vp(2) represent the electron and the hole confining potentials, respectively, my,
are the effective mass of the electron and the hole, respectively, v3(2), YP(2) are the envelope
functions of the electron and the hole, respectively, E;, B, are the energy eigenvalue of the electron
and the hole, respectively, z is the growth direction, and h is the normalized Planck constant.
The electrostatic potential of the electrons in the inwinsic region, V(2), can be written as:

V,(2) = V(2) +qFz (3)

where g is the electronic charge, F is the electric field, and V,(z) is potential step function due
1o the band discontinuity at the heterointerface. A similar electrostatic potential of the holes is

assumed.

7.2.2 Absorption Coefficient and Refractive Index

From the Fermi Golden rule, the transition probability between the i and j states for indirect-
band gap material quantum well can be written as:

2,2 2, 2
GA RS Ja pA M, £ i

= T3 2 vl y - qz.[ N3 (EIN(E,,’ - E)E @)
h m‘, LW (Egd—hﬂ)) 0
The absorption coefficient can be evaluated from the transition probability using the relation

o, = _z_h‘z—‘l-—

i ]
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The absorption coefficient is rewritten as:
2 2., 2
2¢'nl ja- p,| M,

wn,e,cm oszz(Egd —hw)™"?

lj »s
o " N, (EINy(E, - E)dE )

ij =

where L, is the width of the quantum well, J, is the number of minima in the conduction

18




MAR @6 ‘98 B2:23PM P.22

band, A is the vector potential, ¢ is the speed of light, R is the photon energy, Nay(E) and Na.(E)
are the two dimensional density of states in the valence and conduction bands respectively, Egq is
the direct band gap, qu is the matrix element for phonon scattering, a is the polarization vector
of the radiation, Py is the momentum marix element, and B," is given by:

Em - le:t(’-lmp—Eg,‘n‘El'-Ej)

Here & is for phonon absorption and emission, Emp is the phonon energy, and Egiy is the indi-
rect band gap.
The imaginary part of the diclectric constant is given in term of the absorption coefficient as:
n,co.
g = —
'™ "w
The real part of the dielectric constant depends on the frequency of the electromagnetic wave

and is related to the imaginary pant of the dielectric constant by the Kramers-Krénig relation
' ne/(n)
gt ©)
N - (hw)
where T denotes the photon energy, and P is the principle value of the integral. The refractive
index is evaluated using the relation

nrz(u)) _ [ER + A’ERZ + st] (7)

2

Ep = I"'f';'P;[;

The change in the refractive index can be modeled in terms of the applied voltage as:

A[-I—z] = rF +5F’ @®)

B,

where r and s are the linear and quadratic electrooptic coefficients, respectively. In evaluating
the refractive index in the quantum well we assume that the absorption coefficient due to the two
dimensional quantum well remains constant in the continuum state with increasing photon energy
(i.e for hiw greater than the bandgap of Si).

7.2.3 Results and Discussion

'The calculated optical properties of Sij.xGey/Si type-1 quantum well structures are presented
in this section. The parameters used in the calculation are x=0.4, AE.=0.02 eV, AE,=0.296 eV, and
the other parameters are taken from Ref. 14. The simulation is performed on square quantum well
(SQW), coupled quantum well (CQW), and graded quantum well (GQW) structures. The energy
band diagrams for these structures are shown ia Fig. 7.1. The quantum well region is cladded by
undoped (intrinsic) regions, followed by heavily doped regions, as in & conventional electroab-
sorption modulator. The modulator can also be a Schottky barrier diode with a top metal contact
on the n-type barrier material, with the quantum well region being undoped.

To optimize the performance of the modulators, an accurate knowledge of the quantum well
parameters is required: From the Fermi Golden rule, the absorption coefficient is found to be
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Figure 7.1: Energy band diagram for (a) square quantum well (SQW), (b) coupled
quantum well (CQW), and (c) graded quantum well (GQW).

inversely proportional to the square of the quantum well width. This dependence suggests using a
narrow quantum well. In fact, decreasing the well width will increase the transition energy. More-
over, the overlap integral between the electron and the hole wavefunction is also function of the
width of the quantum well, An optimization of the quantum well parameters is required such that
the modulator is characterized by large contrast ratio, low insertion loss, low operating voltage,
and operation at or near A = 1.3um. Unfortunately, the absorption coefficient near the transition
energy is very small due to the indirect nature of the bandgap. From Eq.(5), it is evident that the
absorption coefficient is a linear function of Er," for parabolic density of states. As a result, the
transition probability is very small for a photon energy near the indirect band gap, Egn. Because
of this we expect very weak exciton transition.

The solution of the Schrédinger’s wave equation and Poisson equation are performed in the
entire device structure because the electron confining potential is below kT at room temperature
(AE_=20 meV) {32). This is done by placing the boundary conditions far away from the active
region. The quantum well absorption spectra are evaluated by determining the optical matrix ele-
ments. The calculation accounts the first 100 energy levels in the conduction band well. Because
the electron wavefunctions extend in space, the barrier thickness is increased to large value, 2000
A. The simulation is performed for the three structures, SQW, CQW, and GQW. The room 1em-
perature absorption coefficients as a function of photon energy are shown in Fig. 7.2 for zero elec-
mic field in the quantum well (flar-band conditions). As shown in this figure, the absorption
coefficient of the SQW is the largest. The large value of a for SQW, compared with that of the
CQW is due to the dependence of & on the well width. In fact, changing the well width can
change the transition energy and causes a shift in the absorption spectrum. The effect of the well
width on the absorption coefficient, evaluated for 1.2 pm photon wavelength and zero electric
field, is shown in Fig. 7.3 for a SQW. As can be seen, the absorption coefficient peaks for
L,=35A. This is mainly due to a shift in the absorption spectrum as the well width decreases.

Because the valence band discontinuity between 8ij.,Ge, and Si is large (A E,=0.74x ¢V) [32],
the hole wavefunctions ere almost localized in the quantum well. On the other hand, the conduc-
tion band discontinuity is only 20 meV [32], As stated earlicr, these characteristics can be utilized
to realize a low voltage electroabsorption modulator/switch. The modulation mechanism can be
Jdescribed as follows: The electron wavefunction is localized in the shallow quantum well under
zero electric field (flat-band condition). Under these conditions, the overlap integral between the
electron and the hole wavefunction is large. As the bands are bent with applied bias, the electron
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Figure 7.2: Absorption coefficient as a function of photon energy at zero transverse
field for SQW, CQW, and GQW structures.
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Figure 7.3: Absorption coefficient as 4 function of well width for a SQW at zero
transverse field.

wavefunction moves out of the well region {31]. This reduces the overlap integral between Lhe
electron and the hole. As & result the absorption coefficient decreases to a small value with a small
¢hange in the cleciric field.
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Figure 7.4: Absorption coefficient as & function of transverse field for (2) SQW, (b)
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The shape and the size of the quantum well has a considerable impact on the overlap integral.
As shown in the calculated results of Fig. 7.4, the largest change in the absorption coefficient
between the on and off-states is obtained for the SQW for a small change in the electric field. It is
jmportant to note that although the absorption coefficients are small, as expected, due to the indi-
rect nature of the materials involved, the modulation action is made very efficient by the manner
in which the absorption is turned off. Furthermore, the device speed can also benefit from the
small conduction band offset where the electrons can sweep out of the quantum well and result in
a fast switching speed [40].

The large change in the absorption coefficient for the SQW is associated with a large change in
the refractive index, as shown in Fig.7.5. This change can be utilized to design elecro-optic phase
modulators. The values of the linear and quadratic electrooptic coefficient, obtained by fitting the
data of Fig, 7.5 with Eq. (8), are given in Table L
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Figure 7.5:Refractive index changes as a function of transverse field for SQw,
CQW, and GQW structures.

Table 1: Calculated values of the electrooptic coefficients

Quantum r 8
Well Type (m/V) (m?/V?)

SQW 19x101° | 1.9x1016
cQwW 24x101 | 1.0x10°16
GQW | 3gxioM | 2.0x107

It is evident that efficient amplitude or phase modulation can be achieved with the use of
square SiGe/Si quantum wells in an appropriate device configuration. The photon energy will
have to be coincident with the electron-heavy-hole transition energy and it appears that the
devices can be designed near 1.3 um incident light. In the case of QCSE modulators made with
-V materials, a multiquantum well (MQW) active region is generally used to increase the
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absorption of the incident light. Because the electron and hole wavefunctions are Jocalized in the
individual wells up to fairly high (= 10°V/cm) values of transverse electric field, the absorption
behavior remains almost identical in each well. In the case of the SiGe/Si MQW, this is not true
since the electron wavefunction in each well is very weakly confined. Therefore, the absorption is
very much dependent on the barrier thickness and a unique average behavior is obtained for each
MQW configuration. We believe that the best modulator design will consist of multiple wells
spaced by 2000-3000 A barriers so that the absorption behavior of all the wells remain identical.
These wells are placed in an undoped Si layer. A transverse field can be applied either with
heavily doped n regions or by a Schottky contact. In the latter case, the wells are placed outside
the depletion region at zero bias. The device itself will have a guided wave geometry,

7.3 Experimental Study

The desired Sip ¢Gep 4/Si waveguide heterostructure, grown by MBE on n* (001) Si substrate,
is shown in Fig. 7.6(a). The single-mode guiding region consists of three periods of 40A SiGe
wells and 1000A Si barricrs, and an addition 250 A Sig ¢Gep,¢ layer. The large barrier thicknesses
are used in order to ensure that the absorption behavior of all the wells are identical, in view of the
very weak localization of the electron wavefunction in each well. Coupling of the wells would
obscure the modulation mechanism, Thick (=1pm) undoped Si cladding layers are placed on both
sides of the guiding region. The upper cladding layer also ensures that the depletion region of the
Schottky diode formed on top does not penetrate into the guiding region, and therefore flat-band
conditions can be maintained in this region in the absence of an applied reverse bias. A 3um wide
ridge waveguide is defined by photolithography and reactive ion etching, A Pt/Au (500/1500)1\
Schottky contact is evaporated selectively on top of the ridge and a Ti/Pt/Au (500/500/2500)A

@E‘ 1018 — -
— n-type
n 8 5x10"%cm® 1um & - p.&Se =
=
n" SiggGep.s 40 A '% 107}
S 000 A % r *
n SipgGps 250A § 1015’\’\\ ]
n S 5x10'%cm™ 0.7 um > r f. ‘
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Distance (um)
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Figure 7.6: (a) Design of ideal heterostructure for SiGe/Si quantum well modulator,
and (b).doping profile of heterostructure grown by Molecular beam cpitaxy as mea-

sured by SRA.
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Figure 7.7: Measured transmission as & function of applied bias in ﬁ 100 pm long
device.

ohmic contact is formed on the top surface of the substrate. A 0.8um SiO, passivating layer is
deposited by PECVD and the interconnection metals are evaporated thereafter. The substrate is
then thinned to 90um and 100um long waveguides are delineated by scribing and cleaving. The
Schottky diodes have leakage currents =2 pA and reverse breakdown voltage of 32V.

Assuming flat-band conditions in the quantum wells with zero applied bias to the Schottky
diode - a condition that would normally be achieved for n-doped barrier and guiding layers - the
absorption coefficient would be reduced to a small value with only a transverse applied field of
2KV/cm, The actual doping profile in the heterostructure, as measured by spreading resistance
analysis (SRA), is shown in Fig. 7.6(b). In fact, the quantum well region is unintentionally doped
p-type and as a result a p-n junction field is created across the quantum wells, whose value is esti-
mated to be 3.5KV/cm. Because of this field, the electron wavefunctions are initially delocalized
with no applied bias to the Schottky diode and the absorption coefficient is expected to have a
small valuc. Because the electric field in the n-p-n structure is not uniform, & positive bias will be
required to create flat-band conditions in the well regions and increase the absorption coefficient.
Therefore, as a modulator, the device is expected to have a high transmission at zero applied bias
and low transmission at positive applied bias to the Schoitky diode. Note that we have not realized
the desired structure, but as will be evident, the modulation bchavior expected from such struc-
tures is attained.

The electro-absorption properties of the device were examined by measuring the transmitted
light as a function of applied bias. Light from a 1,15um HeNe laser (10mW output power) was
coupled to one end of the waveguide through an objective lens and a polarizer. The polarization of
the input light was normal to the layers, The transmitted light as a function of applied bias is plot-
ted in Fig. 7.7 The data corresponds to a modulation depth of 5.44 dB. Note that the large bias
results primarily from the voltage drop across the regions outside the quantum wells. With a uni-
formly n-doped structure and slightly more optimized device design, this bias can be reduced sub-
stantially. As can be seen from Fig. 7.7, the transmission does not saturate at high applied voltage
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where flat-band conditions are expected. This is mainly due to the fact that the electric field in the
well regions is determined by the voltage drop across the n-p-n sructure. Since the width of the
lightly doped p-type region is very small, the 10V applied voltage is not enough to achieve flat-
band conditions in the well regions. The voltage drop across the n-p-n structure at 10V applied
voltage is only 0.23V, calculated with the Mott-Gurney law [41]. The measured change in the
absorption coefficient (CAa) as a function of the current density is shown in Fig. 7.8, where Iis
the optical confinement factor. The change in the absorption coefficient of the device is as high as
34 cm°! at 10V applied voltage. It is important to consider the contribution of free carriers to this
change in absorption coefficient. This contribution can become significant for free carrier concen-
wations larger than 10'9 cm™3 [42] and long device lengths. For A =1.151m, the change in absorp-
tion coefficient due to free carriers is given by Acy (cm'1)=3.87x10"9(n+p) where n and p are the
free electron and hole concentrations in cn>. The concentrations were calculated for 10V applied
voltage to the device using the technique outlined in Ref. [43]. The corresponding value of Ay is
derived to be = 0.4 crn™!. However, the presence of free carriers will slightly enhance the modula-
tion ratio of the device.

The change in absorption coefficient is usually accompanied by a change of refractive index
near the bandgap, in accordance with the Kramers-Kronig relation, Jeading to an electro-optic
phase retardation of the transmitted light. Because our devices are only 100um long, no observ-
able phase retardation of light, launched at 459 1o the diode electric field with an input polarizer,
was noted with an output analyzer. Experiments with longer devices are planned.

It should be noted that in order to observe amplitude modulation the photon energy of the inci-
dent light should be slightly larger than the bandgap in the Sig gGeg 4 quantum wells. As a result
the modulator exhibits & large insertion loss. The calculated insertion loss and contrast ratio, as a
function of the modulator length, using squarc quantum wells, are shown in Fig. 7.9 for
A=1.15um. It is clear that there is a trade-off between the two parameters. However, for a device
length of 100um, which we have used, the contrast ratio (on/off ratio) is 2.9, which is acceptable.
The performance characteristics are by no means ideal, but with better device design and MBE
growth, the performance can be considerably improved. Moreover, the modulator can be made to
operate at 1.3 pm by an optimum design of the quantum well parameters.

7.4 Conclusion

We present theoretical and experimental investigation of the indirect band-to-band absorption
coefficient and electrooptic effect in SiGe/Si quantum well optical modulators. An investigation
of the impact of the quantm well shape and dimensions on the optical properties of the optical
modulator is carried out. The shift of the electron wavefunction in the shallow conduction band
quantum well is utilized to control the coupling between the electrons and the holes. This results
in large changes in the absorption coefficient and the refractive index and & very large value of the

linear electro-optic coefficient, which indicate that novel amplitude and phase modulators can be
realized with this material system.The measured modulation depth of 100um long devices is 5.44

dB.
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8. Light Emitting Sources on Si

While III-V based components are the current materials of choice in the OEIC
industry, the possibility of incorporating infrared lasers with existing Si technology has
prompted the need for improving the growth conditions of ITI-V materials on Si substrates.
Quantum dot laser technology is auractive is a component for furure OEICs due to its
narrow bandwidth and reduced threshold voltage. Alloying the quantum dot active region
makes it suitable for the 1.3 1o 1.55um communications range. Room temperature lasers
exploiting InAs/GaAs quantum dots on GaAs substrates have been demonstrated[44].

Fig. 8.1 shows a cross-section TEM(200) image of a InGaAs/GaAs multi-layer
quantum dots grown at the University. The dots are formed by the Stranski-Krastanow
method which describes island formation in response to the 7% mismatch between InAs
and GaAs. Vertical alignment in the growth direction of multi-layer quantum layers is due
10 & strain driven self-alignment process; this process improves the size uniformity[19].-
The InGaAs layers are 6-7 monolayers thick.

Figure 8.1. Cross-section TEM of InGaAs/GaAs multi-layer quantum dots

Growth of high quality III-V devices on Si is hindered by the formation of large
defect densities because of the 4% lattice mismatch and the 250% difference in thermal
expansion coefficients between GaAs and Si. InAs/GaAs quantum dot lasers would be an
excellent candidate as a light emitting source for hybrid Si OEICs. The development of
quantum dot lasers grown on Si substrates seems promising due to the large density of
quantum dots(5X10'°cm?) created during growth resulting in excellent luminescence
spectrums [46]. Therefore it is critical to grow defect-free GaAs layers on Si substrates.
Several authors have reported successful growth of defect-frec GaAs layers on Si
substrates using post-growth mesa patterning and extensive annealing procedures[47,48].

Georgakilas et al. has shown that tilting the substrate 1.5-6.0° towards the [110] direction
minimizes the formation of antiphase domain boundary defects and stacking faults[49,50].
Pre-exposure of the Si substrate with As and/or Ga at low temperatures (~400°C) also
reduces stacking fault defect formation[49]. The proposed structure is shown in Figure
8.2. Preliminary photoluminescence stdies of InAs/GaAs QDs grown on (100) Si,
shown in Figure 8.3, have been conducted, indicating a QD luminescence peak at 1.22eV.
Future stadies will include growing the InAs/GaAs QD structure on (100) Si substrates
titled 2° towards the [110] direction. An LT-Si buffer layer grown on the Si substrate
should hinder the threading dislocation formation as well.
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Figure 8.2. .Proposed structure of InAs/GaAs quantum dot laser grown on (100) Si tilted
2° toward the [110] direction using a low temperature Si buffer.
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Figure 8.3. Photoluminescence measured at 77°K of InAs/GaAs quantum dots grown on
(100) Si indicating the quantum dot peak at 1.22 V.
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9, Channel Effective Mass and Interfacial Effects in
p-MOSFKETSs

The MOSFET technology based on Si-5i0, technology is the most important device
technology for modern microelectronics. The p-type MOSFET (PMOS) is an integral part
of this technology due to its importance in complimentary logic. In spite of the importance
of the MOS there are a8 number of unresolved issues for both p-type and n-type devices.
These include(i) Interface roughness scattering and its role in transport; (ii) Present PMOS
charge models do not include the coupling of heavy-hole and light-hole bands and ignore
the split-off bands; an important manifestation of the simplistic nature of the modeling of
MlO' physics is the significant disagreement in the calculated and measured velocity field
relations,

We prezent results of a numerical formalism developed to address the band
structure and charge control problem in p-type MOSFETs. A 6-band k:p Kohn-Luttinger
formulation is used to describe the hole states. Our model gives the potential in a MOSFET
by solving the Schridinger equation and Poisson equation self-consistently. The
Schridinger equation yields the confined charge terms in the Poisson cquation which, in
turn, determines the potential profile which is fed back into the Schrédinger equation, An
interative process brings both equations into convergence simultaneously. The 6-band k- p
Kohn-Luttinger allows us to examine the influence of the coupling of the heavy hole, light
hole and the split-off bands. In addition to the charge versus gate bias relation we examine
how the average in-phase hole mass depends on the sheet charge density and temnperature.

As shown in Figure 9.1(a), The channel effective mass increases with sheet charge
density. At low temperature, this effect is even more pronounced. Note in our model, the
effective mass is calculated explicitly from the valence band structure. The hole density in
the split-off band is found to be ~5% at 300K. We also study the fraction of charge near
the Si-SiO, interfuce- a parameter controlling the interface scattering effect. Figure 9.1(b)
shows that the probability or fraction of the ground state from the interface is not linear in
the charge density, More imporiantly, we find that the matrix element for interfuce
roughness scatiering has significant departure from the linear model currently being used.
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Figure 9.1 (a) In-planc hole effective mass versus sheet charge density at 300K and 77K in
2 PMOS. (b) The weighted overlap function of valence sub-bands versus sheet charge
density at 300K.
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