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MOLECULAR BEAM EPITAXIAL GROWTH OF

MULTI-QUANTUM WELLS FOR DEVICE
APPLICATIONS

1.
2+
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MuLTi-QuaNTuM WELL STRUCTURES _
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THE MOLECULAR BEAM EPITAXY
SYSTEM

e BASIC SYSTEM REQUIREMENTS
— An ultra high vacuum chamber
— Substrate heater block

— individually shuttered and liquid nitrogen shrouded
molecular beam. effusion cells

growth possible

— Substrate exchange load lock system
e ADVANTAGES OF MBE

— Low growth rate
— Low growth temperature

7

— Ability of abrupt cessation or initiation of growth

— A smoothing of the surface of the growing crystal
during growth down to atomic steps

— Facility for in situ analysis
e SURFACE DIAGNOSTICS

— Auger Electron Spectroscopy (AES)
— Reflection High Energy Electron Diffraction (RHEEI
~ Secondary Ion Mass Spectroscopy (SIMS)

* High-resistivity material passible with controlled Fe addition

-growth occurs by physisorption and chemisorption
* Only very pure GaAs, (AlGa)As has been achieved
* Applications - Heterostructures and MQW Devices

* Near-Equilibrium Growth

* Very-pure, uncompensated material

* Applications -Lasers and Detectors

* Far-from-Equilibrium Growth

* Integrated Optics - Shadow masking and re




Cation Anion
Impingemant from vapor Impingerment
b 4
Chemisorption Physisorption
‘ 4
Surface evaporation Surface migration/evuporation
L 4
Surface migration Dissociative chcmiaoljption
(in-pla.nc‘; inter-plane) i
'8 Surface migration/evaporation
Incorporation ' 4
Incorporation

Table 1: Conceptual Picture of MBE Growth

PL INTENSITY , a.u.

MBE inGaAs -
T= 15K

%;."- = 1.91

FWHM 3.25 meV

1
0.78 0.79 0.80 0.81

E, o

Usoox = 10,000 cm7V.s
Msgox = SE15 cm?

thickness = 1.5 um
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PL INTENSITY , a.u.

MBE InAlAs
T =15K

Pin
5—:; = 3.15

FWHM 12.78meV

1.49

1.51 1.53

E , e

Y

1.58

1.57

FOR A FIXED GROWTH RATE :

AMORPHOUS FILM WITH FILM WITH BULK DIFF
HIGH INTRINSIZ ROUGH SURFACE/! sHARP HIGH DEFE
DEFECTS INTERFACE INTERFACE DENSITY
Tcl TcZ Te3

FREE ENERGY = |- T.S

KINETICS -—> APPROACH TO FREE ENERGY MINIMUM
EXTREMELY PARTIALLY SUFFICIENT ENTROPY
KINETICS KINETICS SURFACE CONTROLLED
LIMITED LIMITED KINETICS GROWTH

Tcl Tc2 Tc3

HETEROSTRUCTURES FROM ‘A’ AND B SEMICONDUCTORS

TEMPERATURE 'WINDOW' FOR 'A' MUST COINCIDE WITH WINDOW FOR '8

—--PROBLEMS.
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FWHM VS QUANTUM WELL SIZE

(Aaw) WHMS

40 60 80 100 120 140 160

20

QUANTUM WELL SIZE (A)
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IMPORTANT ISSUES IN OPTICAL MODULATORS;
. High speed mndulation:
- Fast absorption of photons
- Fast extraction of e-h pairs
Radiative recombination ~ ns
Tunneling (Field dependent)
- High ON/OFF ratio - (Modulation depth):
- Spectral width of incoming light
- Switching flelds employed
- Material quality
- High temperature operation:
- Strong excitan binding energy

- High quality heterostructures

HH

4 L
E=20

/\/¥/ €€ on

—
Photon Energy
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CONTRIBUTIONS TO EXCITON LINEWIDTHS

. Phonon broadening

g

ezp(iz) - 1

Ot = 09 + aT +

. Lifetime broadening due to tunneling
- Negligible at low switching fleids

(E < B0 kV/cm)

. Lifting of Kramer's Degenerance

(1-2meV > Field dependent)

. Alloy Broadening (InGaAs/InAlAs system)

. Interface roughness

. Well to well size fluctuations in the MQW.

/f\mm

STRAINED QUANTUM WELLS : TENSILE STRAIN

C

>C
>¢

Biaxial Quantum
————

Tensile wall

LH HH
BULK LH STATE ABOVE DEGENERACY
HH STATE RESTORED

2. 00 WELL WIDIH o 180 & ELECTRIC FIELD = O(KV¥/em)
E -0.02 / \
5o /\{—\
S
2-0.06 |
a
g -0.0
x 8 | ImGaAlAs f Gaas

-0, “') 1 1 i n 'l 1

0.04 0.03 0.02 0.01 0. 00 0.01 0.02 0.03 0.04
(110} WAVE VECTOR (I1/A) (100}
Hole diz ersion reiation for 150 A

GaAslinomGao_s-,Alo_37As QW with degenerate

LH, HH states
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Shot noise

Shot noise

Avalanche noise
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ENHANCEMENT OF o/f IN MQW AND SUPERLATTICES
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1) Increasing well size increases carrier confinement and
scattering, predominantly for holes. Thereby 8 change:
2) In graded bandgap APD, decrease of B may be due to:
(i) Quasi-field opposing holes.
(1i) Large wells in the GaAs side coupled with small
barriers.
3) For very large wells and barriers, B is similar te

that in GaAs, o is greatly enhanced.




Key Results from Mante Carlo Simulations:

High (low) values of AEc / AEv can produce

high (low) o/ ratio.

Dispersive barrier can significantly alter the impact

ionization rates.

High 0.8 (or B/c) ratio can be produced by
choosing barriers which are selectively dissipative

for holes (or electroné).

27

RESPONSIVITY, A/W

— I G As =1 A SL PHOTODIOCE

"0.53°% 47 "0.52%%0.48

VR =172 Va

4 520 | 520

2l—

e I AN N NN NN N N B

08 09 1.0 11 1.2 .3 L4 1.5 1.6
A, um



r

Jth-AS/JhAa‘ﬂs ﬂIN Adetecto

L N

»\

elnfe =
1 6| B E ®
o B L © g
w| w w o B :
vl oo | ~ 2 =
o~
112 | 2 o -
ol 3| 3| ¢ < =4
sl<| & s — n
°lgl = | % v >
.| s} < a —d
aje | £ ad
s
+ 1]
p-ﬂ +ﬂ -H
rAm._W g
Bale |3
e

(A) 3ej0p smy  2519A3Y

0t [1 0z 51 ot 5
~ ffe-moe arg
k|l
"
_ - Jor &
a
- {oor
wiiggo= ¥ n.uJ
2
- o¥¥[Y08S] 3 | Joool
VoR1|vosi| O
06 |YOs1| O
VOt (YOS | &8 | 1
pappti) | ¥
T ¥

QdV “1S 40 HLGIMCGNYSE ANV NIVD




s

A NOVEL LOW NOISE, HIGH-GAIN DETECTOR
INCORPORATING MASS FILTERING

st e |
23 A AllnAs !
L ]
1"0.53600;17“ 49 AfflnAs lInGcAs -Lﬂ“ﬁﬁ.ﬂ_r—
%r N\ Al ‘ tay
i
InpP _
SUBSTRATE %"* n p* n~ n*
~ . RAA—

0.5 p.mf Q.15 p.l'l'lf \BO A \0.4 pm 05 um

PRINCIPLE OF EMF
AllnAs | GalnAs | | AlinAs/GalnAs | InP
n* | n- o n- Jon*
i ./..'_e

MCDULATED-BARRIER EFFECTIVE

MASS FILTER

BAND DIAGRAM

2
S




~

A HIGH-GAIN CONTROLLED AVALANCHE PHOTOTRANSISTOR
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PRINCIPLE OF OPERATION
n* p* SL n*
€ e
S e (5]
J - ( D - e
e 6— -
e
®
SL
['s :
aza-M,= FI +2:¢£_N4*I_3 (m:fm:f)yz
. DeaNpxe mome,

Je=g

- exp (-AE,/I:T)] (1 'E') M, (2

nD

1
NAX.

xz
3
L)

= (exp [qVae/kT] - DM, 3)

where M, = (1 + 4)}¥. The ionization yield vy is given by [7)
a;

y=1+ [l ~efy/tT, [[l—(l -
or

Here E, is the optical phunon enc-l'gy. T, is the electron

temperature, and

s

gr= g, + 0'”

) e-E,/tr,] " ;} .

4

(5

CURRENT, &

Qo6

0.

0.

0.

Q.

Q.0

CURRENT, A

CALCULATED CURRENT-VOLTAGE CHARACTERISTICS
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QOverview of Device and Circuit Activities
MENT

* Large Signal properties and study of Saturation Mechanisms for
improved device performance

* Multichannel Devices with undoped i-layer gates

* Strained InAlAsnnu_sa,._x Gag 47. As transistors

HETe
* Technology Development
* Modeling and Parameter Optimization

* Experimental Device Characterization

* The Double Base Transistor

RO TRt G Ireanlisy
* Hetercjuction Attenuator
* Heterojunction Phase Shifter

* Passive Component Modeling at millimeter-wavelengths

¥

Ly

. LARGE SIGNAL PROPERTIES OF HEMTs

* Understand Saturation Mechanisms
* Estimate the influence of Harmanic Signal Cdmponents

* Imprave Power Characteristics

Large-Signal Equivalent Circuit

3
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Improving Power Characteristics using i-layers under the gate

Ggl‘ SATURATION MECIIANISM

an -
-
z .
@ - GglimS)
£ -+ Gglims)
g o - Gglims)
o-
-20 .10 ] 10 20
Pin{dBm}
Power Saturalion oceuring due 10 Gate-Source
forward conduction
15 -
- "0 -
-}
E -8 Po{dBm)
S, -+ Po{dBm)
& .- = Po{dBm)
[+] T T T M
.2n Y o 10 20
Pin{d@m)

® Larger input power levels are necessary for G ,-conducuon when
i-layer included under the gate.

Power improves but saturates for Vr>tov

Ggf turn-on delayed in i-HEMTSs ==> Smaller Oparanng G
==> davice failure reduction

39

Ves 0.7V
V.q_o v
iy

. V’-OJV

R

4.0V
=d. 3V

increasing Current Density using
Double-channal High-Electran Mebility Tansistors

. [ dusdy o3

Band diagram used for analytic model

GaAs J0CA
3JE18 ¢m-3
AlGaAs
00A
AlGaAs
Ny  1EIR om)
€] 500A

He

1 Al 41GaAs J0A

SN TS T

1 Al{ 4)GaAs BOA

. AlGaAs =G4
1EHS em-3 1804

AlGaAs
0.1 2000A

AN Ga  Ausg A
[Ear ¥

GaAs/S0A
Supwristtice  0.2um

Semi-insulating
GaAs Substrate

Cross Section of device grown by MBE
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I-V Characteristics of 1um x 75um HEMT with i-layer under the gate
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Improving Device Characteristics
Using Straiped Channels

Motivation of Study :
1. Pseudomorphic AlGaAs/InGaAs/GaAs MODFETs
- Reduce persistent photoconductivity and
uncontrolled threshold-voltage shiits at cryogenic

lemperature by decreasing Al mole fraction.

- > 495 mS/mm with 0.25um devices
Acceptable measured galn at > 60GHz

2. Strained Ing 55Alg 4gAs/ing g5 +x0O8g 47.xAS
MODFETs

- High InAs compasition and therefore full use of
superior InGaAs transport propertles.

= Confinement advantages ( large conduction band
discontinuity).

AL






Variation of high frequency equivalent circuit
parameters of a MODFET In the presence of strain

{(1.5pmx150um)

Parameters In-composition
53% 60%
Cgs 0.48 pF 0.53pF
9m 28.6 mS 48.1mS
Rds 480 480 Q
tr 9 GHz 14 GHz

&S

ut

Strained InAlAs/InGaAs HEMTs

- Small decrease of electron mass
but

mobility enhancement primarily due to better confinement.
- Mobllity enhancement at 169K
from 36500 cm2/V-s  with no excess In
to 55100 cm2/V-s  with 7% excess In

- No significant Ns variation with strain and thus
no Important change In C-V characterlstics.

- Intrinslc transconductance change ot 1.5um long MODFETs

from 211 mS/mm lattice matched
to 348 mS/mm with 7% excess In

- i1 iImprovement but no substantial microwave gain
variation with strain.

- P-channel device study (large mobllity Improvement
by dramatic decrease In hole masses).

4%
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Heterojunction Bipolar Transistor(HBT) Studies

Besearch Subjects

Establish bipolar transistor tabrication capability
Study lon Implantation Compatibility
Optimize technology for:

* MBE growth temperature

-« Dopant types

» Base, Collector Gradients

* Layer composition
Study ways of decreasing resistance by

* Metal - contact systems.

* MBE - contact layers

* Highly conducting base layers
Improve electrical characteristics by optimizing
operating conditions

Evaluate novel HBT structures

1

B eyl Vi

- High current drive and power density

- Reproducible threshoid voltage
(dictated by B-E junction characteristics)
AVbe = 7.6 mV over 3 inch wafer

- No substrate leakage

High output resistance

(Output isolated from input junction{E-B) through base)

- Breakdown voltage controlled by collector layer doping
and thickness (Vbr 2 15 volts)

- Low 1/f noise and reduced current lagging
te < IMHz - only recently obtained by best FETs:
but high noise figure (NF=8dB at 35GHz I}

- Easy to integrate with optical devices

- Relaxed (conventional) lithography for mm-wave
performance

A3
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HBT - EQUIVALENT CIRCUIT and CRQSS-SECTION

tE.C = (re + Vth/[c)(CE + CEdlff + CC)

-..._-_..“_....__ fe | / ] T \ \

- vi nsideration
Cin
L e
Rpc E best |Cc e 1 Ree 12rtr = 1p o + 5+ 1. + Tcaepr = total emitter-collector
— WA :
\ J_ J_ ! I { I I transit time (7 )
| .
: R».- _’.L; .,. Cﬁ,‘“ Big 66 GHz => 06 + 0.8+ 03+ 0.7 = 25 psecs
t
i
i

E-series  Junction E-depl. E-dift. C-depl.
Gv Rec :
resist.  Intr. (Rpi} Cap. Cap. Cap.
E B Vth = KkT/q
!\\\\\\\?\\\\\\‘] -WLW’L. Ty = Wp2/2Dg ( Assume Fick's law for minority carrier
8 g ------ Ifl—-;sﬂn' < diffusion -- no scattering)
: Cw ; ] &
I L 1 1 L ' Ws = Whnom - Wee - Whe
V77772 / Ry r cua“ G QP | :
‘L% Roert ! : Ta Cean = Tg Ic/Van
— 4 —
<k b L) T fo=feCe
ReeL=—————--"T"Cn =,
ILRTWIRATRTALN _ Tedept = We/2ve
c . where vg(scattering limited carrier velocity)=D, W

ko) e
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(lateral - vetical diffusion control)
(normal, double-base transistor)

— lon Implantation for base contacts (Be,Mg,Mg+P,Zn+As)
effects

— Comparison MOCVD vs MBE HBT's (spacer need?)

— Proton Implantation for Collector Capacitance Reduction
— Collector transit time optimization/velocity overshoot
— New structures (Superlattice-base transistor)

— ballistic launchers and base grading
— High frequency characterizations

— Base Grading
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MEAN TIME TO FAILURE (hours)

COMPARISON OF
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EFFECT OF ALUMINUM MOLE 102

DONOR IONIZATION 10 [ ¢ Sempla V6 (V. 5ma
. .
: I T T ‘ : Sample V4 (3 V, 0.5 mA)
1 -
%. DEEP DONOR, E 4 I (0.79 eV, 8.2<10" ™ cm?)
2 150} - —" % 1077
Le — L

S T e - ]

G e » B 40-2

o« MID-GAP DEFECTS > 1074

£ '» = 0.72 eV, 2.2x10™™ ¢m?)
‘w100 - APPARENT IONIZATION / —

= ENERGY, E, / _

5 / 1073 [ (0.65 eV, 1.4x10°™ ¢cm?)

|<_: Hole trap

N

2 -4

O sof- ; - 07

- “SHALLOW DONOR"

< SHALLOW DONOR, Eg4 ! DISTORTED (0.57 8V, 8.8x10°" cm?)
p (HYDROGEN MODEL) / HYDROGEN LIKE -5 '

= one 10 AN W S T N N S NN S R S S O
i , 2.0 2.5 3.0 3.5

Ve -
N i 10%/T (K™Y)
— Reciprocal temperature data for type B MODFETs exposed to 60-80 r
| | | | FXR puises while biased at Vp = 3V.
V] 0.1 0.2 0.3 0.4

Al MOLE FRACTION x
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3. INCREASE IN SURFACE AND INTERFACE TRAPPING

4. SUPERLATTICE_PERIODIC POTENTIAL BECOMES
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HOT ELECTRONS IN HEMTS

1. OBTAIN HOT ELECTRON DISTRIBUTION
FUNCTION FROM
A} ENERGY TRANSPORT EQUATION

B) BOLTZMAN TRANSPORT EQUATION

1) BOLTZMANN TRANSPORT EQUATION:

eE Of(k) {31‘{!() }
— e (= =0
h ok ot Jeon

a) COLLISION TERM QUANTIFIES THE EFFECT OF ELECTRONS
INTERACTING WITH ATOMS AND OTHER ELECTRONS

b) FIELD TERM QUANTIFIES THE EFFECT OF THE ELECTRIC
FIELD ON ELECTRONS

(INTEGRATE BOLTZMANN EQUATION TO FIND)

ENERGY TRANSPORT EQUATION:
QUANTIFIES THE AVERAGE ELECTRON
ENERGY AT EACH DEVICE COORDINATE

o<<w> - _3- oElx) - <w> - wo
ox 5 A<w>)

<w> = AVERAGE ELECTRON ENERGY

Efx) = ELECTRIC FIELD
Al<w>) = ENERGY RELAXATION LENGTH, MEASURES AMOUNT OF
ENERGY ELECTRON LOSES IN A COLLISION

77
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GATE LEAKAGE CURRENT
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A = NORMALIZATION FACTOR

Y =RATIO OF ACOUSTIC TO INTERVALLEY

PHONON COUPLING FACTORS
a = FUNCTION OF ELECTRON TEMPERATURE

WHICH ENSURES SOLUTION IS CONSISTENT
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Optical Devices f

-

. Optical Modulators
Electro-optic switches

All optical switches

Based on Strained and Unstrained
II1I=-V Quantum Well Structures

Electronic pDevices

# Strained Channel MODFETs - n-type
. p-type

# Transport in Semiconductor Alloys
Role of Alloy Clustering

o Thin Period Superlattice Based Devices.

Issues

Electronic Optical Transport
Bandstructure of oscillator strengths Free carrier
lattice matched and in arbitrary shaped transporkt in
strained quantum wells heterostructures
heterostructures

312
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PROGRAMMABLE SLM DEVELOPMENT
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—» Stark effect based

Optical non-linearity due to high intensity

—® Promising for low power applications

=+ Modulation/Switching can be done electronically or opically

Maybe easy fo apply in a number of systems

Issues in SLMS:

Y

o Potential contrast ratio

® Energy requirements

® Dynamic range

® Storage density possible

® Uniformity/Reliability

Dynamic range 2 103

—\

4] cl

- ._......’—L

L}
L . LU LI

et

ADDITIONAL CHANGES:

.|u

- Exciton volumae decreases as well size is
decreased. (W > 50 A)
- Binding energy Increases as well size
decreases.(W < 50 A)
- Absorption constant increases
- Exciton binding energy can Increase by a factor of

2.5 over bulk vaiue.

(A2GalAy

_.“—_-woi

e

Ge
GaAs
SUBSTRATE

/|

\!

As

k4

TMULTILATERS




IMPORTANT ISSUES IN OPTICAL MODULATORS;
. High speed modulation:
- Fast absorption of photons
- Fast extraction of e-h pairs
Radiative recombination ~ ng
Tunneling (Field dependent)
. High ON/OFF ratio - (Modulation depth):
- Spectral width of Incoming light
- Switching fields employed
- Material quality
. High temperature operation: .
- Strong exciton binding energy

- High quality heterostructures

t l .

Photon Energy

. THE EXCITON PROBLEM : ABSORPTION SPECTRA

- ELEETRON PROBLEM

i

2mn

2

ViW(k,z) + V(z)¥(k,2) = E¥(k,z2)

Wilk,z) = ["(2)Up(r)etrs

- HOLE PROBLEM

fIEAVY HOLE, LIGHT HOLE STATES
32, 3/2 > 3/2, 1/2 >
3/2, - 3/2 > /2, - 1/2 >

HALFE STATFS NeErtasn [y THE KOHN-LUTTINGER HAMILTONIAL

where

[ Hyw o | b 0 r@ﬂ (‘ﬁgg
LAY J /PR | —b 'b§# = F ¢.}%
h .
/] ) Iy c @};il, (b;:i*
O <6 e I || By ] Iy
Mo = -2 [y p z
A = —m (k’ + k’)('h +'73) - (‘Tl - 211)5;; + VP(
n? a!
Iy = I [(kf +E)m -1 - (v + 2'7:)@] +V(
an? .
¢ = [ra(k2 - &) - 2:7,/:,1:,‘]
V3n?
b = -—r-’—h—(—k'. - !k,)"ﬁ—'—- -~




Optical Absorption in Quantum Wells

afhu) = n‘;ﬁZZZIe pumll)|| $(EA(RY) ~ Eilly) + M)

Prm(ky) = < W) (Ky) | p | 92 (ky) >

Pen(k) = T [ drU3(F)pUS(r) [ dzf2(2)o% (ky, )

a(Aw) o Z |2- p,..,.‘(D”: SnmPrm (M)

1

- ev: ut.; ZG»...(ku)e Pn-(“n) 6 = Enm)
nmoc

Qnm =

1, (-(hw Enm)? )
Vidare T 14400

§(Aw = Enm) =

Linewidth is extremely important.

L3S

CONTRIBUTIONS TO EXCITON LINEWIDTHS

. Phenon broadening

g
exp(f%) ~ 1

. Lifetime broadening due to tunneling
- Negligible at low switching flelds
(E < 80 kVicm)
. Lifting of Kramer's Degenerance
{1-2meV > Field dependent)

. Alloy Broadening (InGaAs/InAlAs system)

. Interface roughness

. Well to well size fluctuations in the MQW.

3R




The Exciton Problem

H =

EXCITON BINDING ENERGY (meV)

_h’(-l-a 9,1 A L
24\p3p"3p " p3¢*) T 2m, 3z T Zmpizl

e? .

- ‘l"c‘rhl + Vel2) + th(zn) + eEz, — ¢Ez, (27)

EZe (k) = E'(ky) + EMKky)

E = fff‘II‘H‘I'dz,dzhpdp

A 1% V¥dz,dz,pdp
« 2
Elk) = 5=k
EMky) = akj + Pk}
CONDUCTION BAND 1
12
LHY
1t \
10 HH3
9 -

0 20 40 60 a0 130
ELECTRIC FIELD INTENSITY (KV fem)

o0

INTERSUBBAND ENERGY (aV)

vt

TUNNELING RATE

I H
I..‘gﬁ Gady valil
HH
1.54
152 F
2 STRAIN-LH
1.50 m
148 STRAIN-HH
'4& L L 1 1
) 20 40 60 a0 100
ELECTRIC FIELD (kV/cm)
1092
1|
w09l -
104 -
10%]-
lof t 1 1
20 40 80 a0 130 120 140
A\ ELECTRIC FIELO, kv cm’'



ABSORPTION CCEFFICIENT (1.E4 1/cm)

1/cm}

.E4

ABSORPTION COEFFICIENT (1

.0
1309.

HH1~-C1
L -can

HH2-CBI

HHI-Ca1

LK2-CB3
HHI-CB2 —

Ez0KV/cm

LHI-CB} ——

HH2-CB) —

.0

1837.5

1575.90

18612.5%

PHOTON ENERGY (meV)
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ACTIVE LAYER THICKNESS REQUIRED
TO OBTAIN DESIRED MODULATION
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Results of calculations showing the amount of active region
required to obtain the desired contrast ratio in a 1.6.um 100 &
and 150 A MQW structure as a function of exciton Iinewidth. The
results are for a modulator where the maximum transmittance is at

zero fleld.and minimum transmittance is at 75 k¥/cm for the 100 )

MOW and 50 k¥/cm for the 150 A structure. Note that the phonon
broadening at room temperature i{s 3 me¥ and a one monolayer rms
fluctuation in well size for the 100 A structure produces a
linewidth of 3 meY at the maximum fiald.

q:?



CB

STRAINED QUANTUM WELLS : TENSILE STRAIN

U U )
B'axlﬂl Ouantum
Tensnle m weII
tH HH
BULK LH STATE ABOVE DEGENERACY
HH STATE RESTORED

0 WELL WIDIH « I8g A

ELECTRIC FIELD » 0(kV/cm)

.02

(ev)
[
L=

-0.04

.08

HOLE
&

iR
/

SUBBAND ENERGY
&
o
(=]

L

/

a

H

/

JnGa AlAL/ Gaay

1 i 1

_o'lo 1 1

L
0.04 0.03 0.02 0.01 0.00 0.01 0.02 0.03 0.04

(119) WAVE
Hole dispersion relation for 1

YECTOR (1/A) (100)

50 A

GaAs/lnu_osGao_WAloJ?As QW with degenerate

LH, HH stateg

ay

summary:  Cptical Devices

e Detailed farmalism for electric field dependent op
absorption in lattice matched and strained quantum well

e Enhanced absorption in biaxially tensive quantum wells

® HNew schemes for electro-optic and all optical devices,
Ongoing Work:

¢ Detailed understanding of photo current in MQW modulato

® Optical devices for specific optical systems,
- Rubic architecture

- Hopfield neural networks
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MATERIAL ISSUES IN THE 1InAlAs / InGaAs HETEROSTRUCTURES

CONSEQUENCES FOR DEVICES

ABILITY TO GROW HIGH QUALITY InAlAs/InGaAs HETEROSTRUCTURES

1S ALLOWING FABRICATION OF POTENTIALLY VERY HIGH
PERFORMANCE ELECTRONIC AND OPTICAL DEVICES
MODFETs
OPTICAL MODULATORS

SHOULD ONE EXPECT ANY SERIOUS PROBLEMS IN-THIS MATERIAL
SYSTEM?
InGaAs
InAlAs
InAlAs/InGaAs
WHAT ARE THE CONSEQUENCES OF THESE PROBLEMS 7
WHAT ARE THE POSSIBLE SOLUTIONS TO THE PROBLEMS ?

Qb

IMPORTANCE OF THE [nAlAs/InGaAs SYSTEM:

HIGH CHANNEL VELOCITY

HIGH BAND DISCONTINUITY

HIGH PEAK VELOCITY

EXCELLENT MATCHING FOR OPTICAL MODULATORS AND OTHER
OPTICAL DEVICES
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semz slloy clustering observed in MBE grown InAlAs system

smlmainescence linewidth in perfect Ing c,Alg ,gAS—e3 mev
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Sealconductor alloya ve. thin suparlattices.
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Summary:

® InAlAs grown by MBE expected to have In-rich and Ae-:
regions —— Alloy clustering

U

Serious effects on lu-, V-E relations, exciton linew
in narrow quantum wells ( < 100 A)

¢ Thin period superlattices may have strong potentia;
active regions of optical and electronic devices,

Ongoing Work:

® Transport in heterosStructures -~ parallel and perpendicu.
® Fole of strain on transport

® Transport studies for Optical switches and detectors.



QUANTUM TRANSPORT MODELING OF THE

RESONANT TUNNELING DIODE

\Ov

METHOD OF SOLUTION AND
APPROXIMATIONS USED

1). Internal state of device described by Wigner
distribution function.

2). Irreversibility from interaction with external reservoir
is

introduced through contact boundary conditions.
3). Quantum efects are included in one dimension only.

4). Effective mass approximation is used.

5). Phonon scattering is introduced to first order
(Golden Rule expressions are used for bulk phonon
modes).

QL Electron-electron interactions are not included.

05




SIMULATION METHOD USING THE WIGNER
FUNCTION

system state v is taken as an incoherent superposition of
states :

¢=JZ,\/P_J' 'K

where 1; are pure states with associated probabilities Dj,
determined according to quantum statistical mechanics.

Wigner funcion is a transform of states ; :
1 . ;
fla,k) = 2 Ep; [T, dydla + y)(z - y)e

taking time derivative and substituting the Schrédinger
equation ylelds equation for time evolution of f :

8f _ hk 1 jeo dk , ,
B = Tt R e 5 VR (@ K — B)f(z, K)

where : VK(z, k' - k) =
2} dysin (K - kly) [V(z +y/2) - V(z - y/2)]
where V/(z) is the potential energy of electrons. Wigner

function is the quantum analog of the classical distribu-
tion function.

‘ol

IN DISCRETIZED FORM -

ff(z,‘,k) — f(:!:,k)
At

_hk fz, k)= ff(z - Az, k) 1

+ EVK(z,k ~ k) ff(z, k)

m* Az hNK @
(for & > 0 ; upwind differencing used for spat.ial gra-
dient)

USING AN IMPLICIT NUMERICAL METHOD LEADS
TO A LARGE SYSTEM OF LINEAR EQUATIONS
FOR f/ (FOR THE CASE WITHOUT SELF-CONSISTEN CY):

[M]Nx-mcif = RHS

SPARSE MATRIX TECHNIQUES ARE USED TO
SOLVE THIS SYSTEM.

e



MODELING THE RESONANT TUNNELING DIODE

Fixmo, k) fixan, k)

Values af # corresponding to states entering the boundaries
are speacified :

flo,k) = Fik) , k > o

Fil,k) = F(k) , Kk < o

where F(k) is the equilibrium Fermi-Dirac distribution function
l{integrated over transverse momental. fix,k) values at the
boundaries for states leaving the device result from the
simulation.

These boundary conditions introduce irreversibility into
the device + reservoir combination and allow stable, steady-
state solutions to be obtained.

0%

METHOD OF SOLVING EQUATIONS

1). Setting %tf = 0 yields dc solution (operating point on
[-V curve).

2). Including %{: # 0 yields transient solution starting

from some initial state. Switching transients may be

caltcula.ted ; also, large-signal simulations may be carried
out,

3). Expanding f in dc + small-signal parts allows
determination of the small-signal equivalent circuit of
the device.

IOQW




B=282A W=452A
VB = .28eV, T = 300°K,
V=0. (GaAs-GaAlAs).
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V= -14 volts

3)

CONCENTRATLON (Mo

TIME = 0.000E+00 SEC

0.200E+25 ~0.500
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~0.250
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~0.000
0.500£+24 -
0000E+00 T T T T “0250

0.000 0.010 0.020 0.030 0.040 0.050

DISTANCE (MICRONS)

POTENTIAL (EV)

W

INCLUDING PHONON SCATTERING IN
EQUATIONS

Scattering term similar in form to the term appearing in
the Boltzmann transport equation is used :

{B“f(a? k)} = ~Saulk)f(z, k) + T Sn(K', k) (2, K)

Including phonon scattering in this way does not change
the structure of the matrix; additional coupling among
different f(z, k) values in k-space is introduced.
Acoustic and polar optic phonons have so far been
included.

"h

"hr‘ -
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0.300E+10 1

0.200E+10 A

0.100E+1Q o

CURRENT DEINSHTY (A/Mev2)

—— NO SCATTERING
----- WITH SCATTERING

0.000E+00

0

.00 0.10 0.20 0.30

VOLTAGE (VOLTS)

0.

40
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INCLUDING SE-LF-CONSISTENT
POTENTIAL

1). Problem becomes non-linear, since V(z) now
depends on carrier density, which is a function of

f(z, k).

2). Self-consistent potential equations must be coupled

to previous set of 0f /3t equations; the
Newton-Raphson iterative method is used to solve the
equations. :

3). Results show accumulation and depletion regions

next to the barriers under applied bias.

4). About half the applied voltage actually appears
across the double barrier structure; the remaining
voltage appears across the accumulation/depletion
regions.

5). Effects of self-consistent potential on I-V curves and

small-signal equivalent circuit are currently being
studied.

s



SELF-CONSISTENT POTENTIAL EQUATIONS |
1. POTENTIAL EQUATIONS

(V= f Edz, where V = electron potential) :

1
Vx = Vvx -y 3 (Ewx-14+Enx) Az + Vyx = Vix_,

i

BV = s(64£) dc+ Ve -V,
w="v
2. ELECTRIC FIELD EQUATIONS

(=?)
gAr

NK
Ewx = Enx = T2 [NNX + Nyx-1 — Ak 3 (FVX, i) + f(NX = 1.i

&-& = ?-2’3‘; [N2+N1 —Akg(f(z,i)u(l,i))

[SEL+ &4 ...+ Enx—y + .5Enx] - Az = Vipptied + V1 = Vinx
3. CONDITIONS ON kyr, kor

(shifts of equilibrium distributions at contacts) :

fikor

hm, = u)
k
';nOTR = uénx

( = low-field mobility )

wb

T = SOOOK, V = 0,'
with scattering and
self-consistency.

TIME =0.000E£+00 SEC
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o
2
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V = -0.28 volts, with
scattering and seif-
consistency

C. 300E+25 -
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- gate

undoped spacer

highly doped barrier
AlGaAs or AllnAs

undoped spacer

strained channel

InGaAs

buffer

semi-insulating substrate

GaAs or InP

General structure of the pseudomorphic MODFET.
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Why study strained MODFETs?

¢ Selective straining a semiconductor allows a degree of
band tailorability to create materials with properties
not readily available in lattice matched materials sys-

tems.

¢ Expected improvements in pseudomorphic MODFET
performance over lattice matched MODFET perfor-
mance may come in the following areas:
— Higher band discontinuities at heterojunctions.
- Better carrier confinement.

- Higher mobility - lower access resistance.

e Strained MODFETS are a good tool to study carrier

transport in a strained environment.

| -0

o:MODFET

Strained channel material prop-
erties (electron masses) via a

tight binding formalism

Schrédinger equation for the one
band electron states solved self
consistently with the Poisson

equation

Subband levels, carrier density,

and subband occupation

12

p-MODFET

Deformation potential theory
and the Kohn Luttinger hamilto-

nian

Four band Schridinger equation
for hole states solved self consis-

tently with the Poisson equation

Subband levels, hole masses, car-
rier density, and band occupa-

tion.

Flow chart of modeling procedure for n- and p-type pseudemorphic

MODFETs.



The Schrédinger Equation for Electrons

52

—-——-VQ\I',,(k", Z) + V(Z)‘I’n(k", Z) = E,,‘Il,,(k", Z)

27

Wctron (K 2) = Un(2)u(r)e 02

The Schrédinger Equation for Holes

1 . ;
(HM c b 0 QH ‘I’g;}
¢t Hm 0 ~b & $
Bl _ ool
b* 0 Hy e @;_—TL ' @i:ll
0 =0 & Hul| 3] 2y
R 2 2 g 1
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.The Charge Control Model

Poisson + Schridinger
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Simulation # 1

Simulation # 2

0.8V Schottky contact

0.8V Schottky contact

100 A undaped Ingg;AlyuAs

100 A undoped Aly3GagrgAs

200 A doped 2x10" InggAlyAs

200 A doped 2x10'® Al,3GagmAs

100 A undoped Ings;Alg.sAs

100 A undoped AlyxGasmAs

100 A undoped Ing s, ,Gagr_ As

100 A undoped In.Ga,..As

400 A undoped IngyGag rAs

400 A undoped GaAs

undoped Ings;AlguAs

undoped Alo_mGau_mAS

InP substrate

GaAs substrate
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Conduction and valence bands and two dimensionally conﬁngd
electron subbands in a II)(J_52A].0_4BAS/1110_53G80_47A5/IRP lattice

matched MODFET.
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Conduction and valence bands and two dimensionally confined

electron subbands in a Ing 50Al 4gAs / Ing 5Gag 3543/ Ing 53Gag 47As /
InP pseudomorphic MODFET. '
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Spatial confinement in a strained well increases with added In.
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Confinement of carriers into the lowest energy subband also
improves with added In in the channel region.
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Valence band profile of a lattice matched p-type MODFET.
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Z[A]

Valence band profile of a pseudomorphic p-type MODFET. Strain
has altered the bandgap and split the light and the heavy hole

bands.
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Hole band dispersion relationships in a pseudomorphic p-type

MODFET. Strain has decreases the interaction between the light
and the heavy hole states dramatically reducing the effective mass
of the uppermost hole bands. \L3




Summary:

e One dimensional charge control simulation can show
many important features of both n- and p-type MOD-
FETs.

¢ Pseudomorphic n-type MODFETS appear to be advan-
tageous because of higher channel mobility resulting
from better carrier confinement and lower carrier ef-

fective mass.

¢ Pseudomorphic p-type MODFETs appear to be advan-
tageous because of the strain induced splitting of the
light and the heavy hole subbands which significantly

lowers the effective mass.

\},\f

Figures of Merit for Device Performance

(1) fF(gm,ext)/ (275095)

Maximize f by Im,exth C
while considering Cdg' R;

gsV

(2) 9m,ext=(Om int/(1 +RsOm int)

For high Im,ext: it is necessary to:
Im,inth Rg *.

(3) Mobility and Velocity enchancement
for devices to operate at mm-wavelenths.

(4) Sheet density increase for high-current,
high power devices.

LY




Motivation for Pseudomorphic Devices

(A) Al,Gay_ As/GaAs MODFET

Advantages:
-

Performancs:

Disadvantages:
->

Decreased ionized-impurity scattering
higher low fisld mobility and saturation velocity.,

Lg-o.zsum. T=300K
Im=430mS/mm, f1-=80GHz, fmax=120GHz
Noise Figure=2.7dB(associated gain 3.8dB)@62GHz

High Al %
Persistent Photoconductivity Effact (PPC} and
Uncantrolled Threshold {V1} Shifts at cryogenic T.

{2) AIO.-' seﬂoﬂsmnoj sGao_ssAS PsaudomOfphlc MODFET

Advantages: (a)

(®)

(c)

Perfromance:

Small Al % fraction BUT similar AE,.

Higher doping density due to reduced donor
compensation (small Al %)

Higher Vg, (InGaAs vs. GaAs)

Lg-0.25p.m, T=300K

Iyy=495mS/mm, fnax=250GHz
Noise Figure=2.4dB(associated gain 4.4dB)@62GHz

Disadvantages:

Low InAs mole fraction thus no full advantage of

InGaAs.

\3e

T m e e ———

(3) "'lo_ 52A|0_48Aﬂlﬂo_sseao‘47“ MODFET

(Lattice Matched fo InP)

Advantages:

Performance:

Increasa InAs mole fraction thus exploit the superior
transport properties of InGaAs.

~ AE;tand ngt

-ut

- Vpeak 1

- T-L separationd

- Reduced PPC and uncontiroiled VT shift.

-- Better carrier confinement,
~ Compatible with photonic devices(1.3-1 Sumj),

Lg=tum
9m,ext(T=300K)=440mS/mm
gm.ext(T-WK)-TOOmSImm

Expected fy=100GHz for submicron devices

(4) ln0_52AI0_43Asllno_53+x6a0.47_xAs MODFET
(Strained Channel)

Advantages:

Parformance:

increased InAs mole fraction — better electron
transport properties than with 53% In.

Lg-1 .Bum, Im ext=27 IMS/mm, f7=23.5GHz

133




Sourca Gate : Drain Device Optimization

/ 100 A

Iy g,Aly oAS 200 A

1 01 3 )
n+ InGaAs ]

.

noing oAl LAS 200 A
4 -
Si-doped (N ;- N 4= 2 x 10 %m %)

Nt

I Ing 52A1g 4ghS 100 A
i Ing 3,885 47.,A5(*)100 A
Ing 53Ga, 47AS 400 A gl,"'
E 12 _
{undoped) 3 10 :
/) ]
= -

bIng caAly (gAS 3000 A ]

p)
<
>

AR )

T InP S. I. Substrate

(*) 453 :x =0
454 : x = 0.07 1 1
455 1 x = 0.12 . ) 10 T 13 mrrrrr] ¥ T T r=rTr
1017 1018 1079
Nd (cm-3)
Total sheet density (ng) in the well as a function of doping Ny
E for various spacers (dg). (- strained, - - - lattice-matched)

(Donor layer thickness chosen for no-parasitic conduction)
" Ng depends primarily on Nd- dspacer W 9
* Strain has no major influence on Ng




Ng (cm™?)

Sheet denslty Ns and % carriers In strained channel

total number of carriers in welj

1013 o8
// :

(d3-1=0A) o — - g

f A’
- 85

1012 4

-] - 80
- 75
10! P el 70
1017 1918 , 1019 |

Nd(cm'a)

* Strained channel thickness (d3) does not influence Ns
* Strained channel thickness (dq) influences % of'carriers

in high InAs region s
> Improved mobility by Strained, thick channels

Wy o

1st subband acoupatlon In d3+d4(%)

Percentage of first subband occupation in the well (d4+d,} under

fattice-matched and strained conditions for 100A and 150A
strained channel thickness

d2=100A
80 4
Strained {60%)
1 431504
d2=100A
70 4 ,--a'-"_'_"_‘_'_a
LA S
i, - ' . -
el A% 4. 150A
lattice-matched o
‘/
60 e — S —
Nd (cm-3)

. Higher occupation with strain

- First subband occupation better with thin (100A) channels
{pronounced band splitting)
—> Belter confinement and thus Rys 9m improvement

by slrained, thin channeis

Note: COMPROMISE in strained channel thickness choices
for good g, Ry, I M
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Cross sectioin of New Design for Lattice-Matched and Strained

InAlAs/InGaAs MODFETSs
Source Gate Drain
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Enhanced Low-Field Mobility With

Strained N-Channels
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s ) ] Performance of N-channel InAlAs/InGaAs MODFET
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Gm (mS/mm)

Transconductance (Gpy) versue Vs 8t different gate bias

For Lattice-Matched {53% In) and Strained (60% in) MODFETS

Vds (volts)
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200 454 -60% In + *&mv
i , 0.25v
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* Improved electron mobility and peak velocity by introducing strain

o

Channel Conductance versus Vds atv g=0:5V

far

3. 000
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. Higher channel conductance at low-fieid
BUT

- Na large variations at high fields (Ec - band diagram)
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CONCLUSIONS

1. The effect of strain on InAlAs/InGaAs MODFET characteristics is

analyzed using 7% and 12% excess indium.

By increasing the indium compasition, one abtains:
(a) A marginal increase of sheet density.

(b). A small reduction of effective mass and much better carrier
confinement ==> mobility enhancement.

() A small influence of spacer thickness on 2-DEG sheet density
as compared to AlGaAs/GaAs system due to the higher
conduction band discontinuity.

{(d) A need to compromise strained channel thickness for
increase mobility (wider channel) and large output reistance
or transconductance (thinner channel).

- For of 1.5 um gate length at 300K, intrinsic transconductance
improvernent is:  40% (321 mS/mm) for 60% In
47% (359 mS/mmy) for 65% In

- Cut-off frequency improvement is primarily due to
transconductance enhancement ;
Output resistance is not substantially influenced by strain.

. First characterizatiions showed that strained InAlAs/InGaAs
MODFETSs are good candidates for high-speed and high-
frequency applications.
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* High quantum efficiency

s 3
o c
5 g
S 8
E g
© Q
& 2
- -l
] [ ]

1‘{Q'

| ow noise

Bit Hate of application can determine which photodetector is the best
choice.

Bandwidth and Gain are fundamental physical tradeoffs.
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TYPES OF AVALANCHING MATERIALS
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ENHANCEMENT OF a/p IN MQW AND SUPERLATTICES
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Increasing well size Increases carrier confinement an

scattering, predominantly for holes. Thereby B change

Ir graded bandgap APD, decrease of 8 may be due to:

(1) Quasi-field opposing holes.

(ii) Large wells in the GaAs side coupled with small
barriers.

For very large wells and barriers, 8 is similar to

that in GaAs, o is greatly enhanced.
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Key Results from Monte Carlo Simulations:

*  High (low) values of AEc / AEv can produce

high (low) o/p ratio.

*  Dispersive barrier can significantly alter the impact

ionization rates.

*  High o/ (or B/o) ratio can be produced by
choosing barriers which are selectively dissipative

for holes (or electrons).
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. WHAT IS MOLECULAR BEAM EPITAXY (MBE) ?
ll. GROWTH ISSUES IN MOLECULAR BEAM EPITAXY
A. MATERIAL QUALITY
B. INTERFACIAL QUALITY
ll. MULTI-QUANTUM WELL STRUCTURES

A. EXCITONIC LINEWIDTH BROADENING
B. GaAs/AlGaAs MQW's
C. AlGaAs/AlAs ML-SL MQW's

IV. SUMMARY

oo '

Impingemant from vapor Impingement
4 b
Chemisorption Physisorption
4 ‘ 4
Surface svaporation Surface migration/evaporation
¢ Y
Surface migration Dissociative chcmilor_ption
(in-plane; inter-plane) ']
4 Surface migration/evaporation
Incotporation 4

Incorporation

Table 1: Conceptual Picture of MBE Growth
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ACTIVE LAYER THICKNESS REQUIRED
TO OBTAIN DESIRED MODULATION
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APPLICATIONS AND MOTIVATIONS

FOR STUDYING THE
InGaAs / InAlAs SYSTEM

TECHNOLOGICAL ISSUES

High speed devices
Tuned lasers for special applicationq
Optical modulators —» higher control

due to greater confinement

PHYSICAL ISSUES

Structural issues for interface
formation

Alloy clustering in farefromeequilibrium
growth - generic information of fabri-
cation of high quality immiscible
systems

Studies of strained structures - start
with lattice-matched and move away on
either sidg

An important system to test theories
of quasi-2D systems

Impurity incorporation-doping
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KINETICS QF GoAs, InAs AND AlAs GROWING SURFACE

VAVAVA

Ga (In, Al)

®
As

HOPPING RATE OF CATION (Gs, In, Al)

R=Roexp [ ~(E! -~ E¥2)/KgT]  (5~1)

E' : ACTIVATION BARRIER (120,1,2,3)

1nAlAs 1

0 1 2 3

T =480°C In
(KgT=65mev) Al

4.5E3 457 45 4.5
7.3 .3 0.0 0.005

AlGaAs 6o 3.3E4 1.0E4 45E3 610
T =650"C Al [‘312 21,7 141 0.1
(KBT=BOI‘I'I.V)

* InAlAs GROWTH FRONT IS EXPECTED TO BE ROUGHER
THAN AlGaAs GROWTH FRONT.

* LARGE DIFFERENCE OF Ih AND At HOPPING RATES
COULD CAUSE ALLOY CLUSTERING.
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CONSEQUENCES OF ALLOY CLUSTERING 1IN
OPTICAL AND TRANSPORT PROPERTIES

0.3
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4
lor _ 32v2eh

© 97%3 (m*)83V, CY CY AE? (kT)1/3
C%:C3: mean compositions of InAs & AlAs
Without clustering (Random alloy)

Cq = 052, C% =048, R, =~ 2004

re = rg = 2.54
With clustering
rc — ncgrg = 2.5n¢
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T(K)

* Sharp rise in mobility beyond 450 K

* Sharp rise in carrier density beyond 480 K
(Probably because of a deep donor)

Mobility fit with 33 % clusters of composition

x=0.46 and xs0.50 agrees well with data from 60 K to 400 K.

We expect that the screening effects due to increase in ny
beyond 480 K will lead to a better fit at higher temperatures

I

inhomogeneous Line-Broadening Mechanism

impurity
Elfect

Alloy
Broadenin

Interface
Roughness
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uctuation
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A. Well-to-Well Fluctuation

AL, is dependent on

(1) the growth rate fluctuation

(2) the shutter opening/closing time

IfL, =Rt

AL:=AR-t+ At R

Assume that At ~

_ R AR
T 2m*L? R

RN ? AN
EERRRERE

B. Interface Roughness

(1) 62 < dege
ref.. Singh, et al., Appl. Phys. Lett., 44(8), 805(1984)

(2) 6y =~ d..
| ref.: Bastard, et al., Phys. Rev. B, 29(12),7042(1984)

(3) 62 > de::c
Splitted Excitonic emission peaks (fine structure)
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THEORETICAL PL HWHM DUE TO INTERFACE ROUGHNESS

AS A FUNCTION OF WELL SIZE
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