CHAPTER 4
Fabrication of GaAs/GaAlAs Staircase Band Gap Photodiodes

4.1 Introduction

In this chapter we shall discuss the fabrication technologies and processes of
GaAs/GaAlAs staircase band gap photodiodes. The essentials cover: epitaxial growth
technique, substrate preparation and cleaning technique, material preparation and
calculation, growth process, Zn diffusion and device structure formation.
Understanding the fabrication technologies is quite important step to realize the high
quality device.

f ./ 1 ’
4.2 Epitaxial growth technique //:,

The growth of single-Crystal semiconducﬁ_loyers upon a semiconductor

substrate is called “epl'roxyL__prtoxy can be broadly classified into two categories: (1)
. In homoepitaxy, the composition of the layer is

Homoepitaxy and (2) H?Leer%m

essentially the same as J] e,r{ymg substrate such as Si/Si and GaAs/GaAs, while
the composition of the la iffer from that of the substrate, the epitaxy is termed
heteroepitaxy such as / | GGAS/Sl and GalnAsP/InP. In this research, there
are two epitaxial growth s h0¥e been uvsed: one is qumd Phose Eplfoxy

LPE is a technique of wm‘g on epﬁéalol layer on a single-crystal substrate by
deposition from a molten sdafurated-under: c:onﬁolled temperature condition at the
growth interface. This technique is pﬁﬁxculoﬁE‘useful for growing GaAs and related lll-
V compounds. The supersoturat«on, soluhbm,?‘wmch is necessary for deposition, is
generally achieved by, decreasmg ’rhe solublhty of a dfu’re constituent in a |IQUld
solvent with reducmg’ : eraiur
there are:

Fig. 4.1 A horizontal LPE system
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(1) Experimental s& le:
(2) Growth temperatures ore‘k:w‘
(3) Relatively height glowih rate, 0.
(4) Elimination of Wazards dwé:-ﬁ)"

products P =
e

(5) Non-requiremen of%cuum

The limitations of LPE technféUe arex iffieulty of growing layers that differ in
lattice constant by q_:&e fhon ~l% from SM}JUIIW to produce ulira-thin
layer whose thicknessZs-iess than 0: rmore T LPE layers generally do not
have as good surfac _morphology as laye por Phase Epitaxy (VPE), as
well as Molecular Beam Epitaxy (M owever, because of its simplicity and
flexibility, LPE has been attractive for growing complex layered structures required for
optoelectronic devices. ¢ g,

e w1 HALEINT NEIAD oo oo

Research Laborétory (SDRL), Chula s[ongkorn Unwersﬁy is deplcfed in Fig. 4.1. The
apparatuses used for LP }irem are

nATEimdngae

(2)" Movable resistance furnace

(3) Quartz tube

(4) Pd-purified H2 as well as gas system

(5) Hygrometer

(6) Nitrogen hood

(7) Thermocouple as well as temperature recorder
(8) Multi-bin graphite boat (see Fig. 4.2)

(?) Quartzrod (used for sliding)

tely 350 to 900 °C)
in, is possible
gasses and their reactive

Actually, LPE is suitable for growing thick epitaxial layers quickly because the
growth rate is high and it is also suitable for forming multi-layer structures, such as
heterostructures because it has a multi-bins graphite boat.
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4.2.2 Molecular Beam Epitaxy (MBE)

Although MBE is considered a newcomer technique for semiconductor
epitaxial growth, it is basically a technique of vacuum evaporation, one of the oldest
and the most widely used in depositing solid films. MBE is also considered to be the
most promising future growth technique because it allows for precise thickness
control and dopant control. Growth is performed under an ultra-high vacuum
chamber with a low growth rate (1 um per hour to 10 pm per hour are typical). The
system has multiple sources that allow accurate stoichiometric growth.

The RIBER MBE system (see Fig. 4.3) may combine chambers for loading and
preparation of substrates, epitaxy, metclhzohon and surface analysis. A loading
module, a heat treatment module sf r module and their related pumping
systems are also consisted in the sysfe ; detail, therefore, given hereunder.

4.2.2.1 Pumping system

= Rough pumping f

Rough pumping conﬂs/’ / di
Torr and three sorption iz
pressures ranging fro X
thermocouple gauge pe = feadings. A flexible metal fitting connects the
rough pumping to the €n sng manual valves operates epitaxy and

module rough pumping.

\

= Secondary pumpin

|
Epitaxy chamber, en! d transfer module secondary
pumping is made by using ioh pfdﬂ@ and fifaniom sublimators liquid nitrogen cooled.

Gate valves allow to isolate the: 'qn pu the chamber and the modules.
Bayard-Alpert triode ggluges pérrmﬂéressu lngs in e?:h section.

‘f’J

Fig. 4.3 The RIBER MBE system
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4.2.2.2 Modules

In order to keep as good as possible the growth environmental conditions, the
substrates go through several modules before being introduced into the epitaxy
chamber. These modules, namely the loading, heat treatment and transfer modules
for the system described here, permit to perform operations such as substrate-holder
loading, handing, outgassing and heat treatment. The substrate, mounted on a
substrate holder, is inserted into a cassette carrier, which is moved from one module
to another by using rotary motion handles. Magnetic motion transfer rods allow
substrate holder manipulation. Gate valve isolate the different modules.

4.2.2.3 Epitaxy chamber

The epitaxy chamber, y is elaborated, consists of three main
parts: ithe evaporation flong\ the analysis equipments.

= Evaporation flangp; 'J

The evaporation flange*beé / L Wﬁommg the materials to be
evaporated, and is equipp&t - Is ﬁq' i gen cooled (main and cell).

rcury cell, gas cell- has its own

=  Manipulator

The manipulator thaf hot e sul
measurement or transfer) @nd: finuously, rotates during epitaxy to improve
uniformity. It features an mner':d;led furnai d a Bayard-Alpert triode gauge to

measure fluxes. Using mlcrometer VS Mg e position adjustment.
= _z f o

™
= Analysis equipme

e residual atmosphere and
reen the crystal-lographic

The system feature '
a RHEED electron gun|to verify o
correctness when starting the growth.

s FAHANHRENHAN T

Subsfrafe The (1 ) n-type GaAs wa r dope with Si 3-5 x 10'8 cm-3 is used to prepare

Ll RUEI R ed (11151

Dummy: e (100) non-doped GaAs wafer is used to prepare as dummy for
compensating the solution in each bin of the graphite boat. Consequently, a piece
of 5§ x 10 cm2 dummy is needed for each layer growth.

Before loading into LPE system, we need to clean both substrate and also
dummy by chemical etching as the following steps:

Step Solution Time (min)
1 DI-Water 5
2 Boiled acetone 5

3 Methyl Alcohol + Ultrasonic 5
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Step Solution Time (min)

Boiled acetone
DI-Water

HCI (50%)
DI-Water

N2 Gas

L en * Ch

N ONON~U N

H2SO4+H202+ DI-Water -2— (Substrate)

6 (Dummy)
10 DI-Water -
11 HCI (50%)
12 DI-Water
13 N2 Gas

S

re before use for long time. In
in the HCI solution, but not

Precaution: The substrate
case of necessary, they

growth of GaAs, or GaixAlxAs
t and so other materials such
2. The commonly n-type dopant
Is are prepared in the form of

For material syste
epilayer should be com
as As, Al and also dopants
is Sn or Te, and as for p-ty,

(4.1)

Where X is t he GaixAlkAs alloy. The
proportion of Ga weid hi riften as

(4.2)

“Where M is the atémig weight of edch element. Therefore another element

can be also W""ﬂ 48 UL INEANT (4.3)

Wim = (X?/XGG) (M:m/ MGQ) Waa (4.4)
YPRIEIATRUAIIRE 1A Y
WGaas = (XGaAs/ XGO) (MGaAs/ MGO) Waa (4.5)
Where Mga = 69.72 Mas=74.92
Mai=26.98 Mge = 72.59
Msn=118.69 Mre=127.60

MGaas = MGa+Mas = 144.64

The value of mole fraction of each element can be approximated from
graphs as shown in Fig. 4.4, 4.6, 4.6 and 4.7



4.4.2 Material weight calculations

The calculations of the weight of materials such as GaosAlo.sAs (P*) and GaAs
(n) are shown, for example, below! whereas the weight of every grown layer are all

reported in table 4.1.

= GaosAlosAs (P*) 10" cm-3 Ge-doped

Xar=0.003
Xas=0.015
Xce = 0.04

Then, we get Xca= 1-Xas-

= GaAs(n)
Xas = 0,022

The we get X l' -X
Asweuse 3g o - a, therefore we get

AULERANIN N

= (0.022/0.978).(144.64/69.72). 3@

AT NRINEIAY

! Xa can be approximated from graphs as shown in Fig. 4.4[for Gai«AlAs (P*)] and Fig. 4.6[for GaAs (n-)].
whereas, Xas and Xce of GaixAkAs can be approximated from graphs as show in Fig. 4.7 and 4.5

respectively
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Fig. 4.4 Liquidus compaSitioft versus reéciprocal temperature for GaAs, GaP and InP
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Fig. 4.5 The upper curves are the room temperature hole concentration in GaAs
versus the atom fraction of Ge in the liquid along the 800 and 900 °C and the lower
curves are the room temperature electron concentration in GaAs versus the atom
fraction of Snin the liquid along the 700 and 800 °C
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-Material 4
e AR S ol gimo)
ol 1Al 2 : \ L
| T GagsAlosAs ). . 32.63
 GaosAlosAs (P*) 3 11249 2.28 132.75
GaosAlo2As (P*) 3 119.064 1.3572 | 132.7875
 GaosAlo.1As (P*) 3 132.46 0.5001 132.948
GaozAlosAs (N 3 75.75 2.35 -
GaosAlo2As (N) 3 140.75 1.19 -
GaosAlo.1As (N) 58 140.1 0.6 -
GaAs (n) 3 140.01 - -

Table 4.1 Material weight

67
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4.5 Growth process

4.5.1 Liquid phase epitaxy

In a normal growth run, after the boat is loaded with the substrates and the
material solutions according to table 4.1, it is placed in the quartz tube, but initially
remains outside the furnace. At first, it is flushed with flowing N2, evacuated and
checked for leaks (approximately 1 hr.), then flowing with Pd-purified Ha (prevents
oxidation of the solutions and the substrate). The furnace is then moved into the
position for heating the boat as illustrated in Fig. 4.8. Temperature control is very
important in LPE and is related to the growth rate, crystal quality, and so forth.

Quartz tube

' - Moyable furnace

= ‘*ﬂ“‘w F———
y ‘-’

\/
ol .. Wﬁtes
' i \ \ Quartz rod
e ..,.‘—'=—._‘"'l“.:::";&.:~‘-- =
Thermocouple \
Graphite boat
A —F F -_ ‘ A
s I " '_M “ LY CpTP
11 3 174 1 "
Riiaress /)
gs, u - e
Temp (C°)
804 |-
800
798 q]
FA1AN 188
q | \\
ElEEiR
3 g El333%
E 2 713131%/2
2 ¥ 3 88883
-
£ $1518)4¢ Time (1)

Fig. 4.9 The schematic profile of the furnace temperature versus the growing time
duration
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The schematic profile of the furnace temperature versus the growing time
duration is shown in Fig. 4.9. Firstly, the temperature is kept constant at 800 °C at least
4 hours to saturate the material solutions and then steps up to 804 °C for the in-situ
etching. After the temperature reaches the peak of 804 °C, it is adjusted steadily
decreasing at the rate of 0.2° C/min to oversaturate (supersaturate) the material
solutions. Just then the temperature of the solution is below the saturation condition,
the epitaxial layer naturally starts growing. In other words, the more the temperature
of solution is below, the more the solution is oversaturated. At the moment, an
oversaturated solution comes into contact with a substrate, the oversaturated
temperature, AT will, therefore, force the solution GaAs to precipitate. The growth
layer is terminated by sliding the substrate out from under the solution. The thickness
of a grown layer can be determined by the oversaturation temperature and the

length of time in which the substrat lution are in contact. The layer thickness is
can-then be expressed as ‘\".;i\ /}/
where K is the const/ hﬂmﬁon of As in the liquid

AT'is the oversatur@ti of soluti
a is the cooli '

s@: rate r‘@ed to check the surface
ighe ers by Optical Microscope and

After the epi
morphology and the thi
Scanning Electron Micr

4.5.2 Molecular beam epi

ST
F :;;.4-.1

The procedures of epitaxial g:d\_éthc A be briefly described hereunder:
_ATRA 2

1. Generally, the, (100)' GaAs subsirate, be lgading info MBE system, is
chemically clegned following the step Jd In section 4.3. It is the case
that the substrate - 1/dust-free condition so the

chemical cleaning ess Y. After mounting on the
molybdenum block with indium ’ bstrate is preheated at 450
°C for an hour in the preparation chamber. The substrate is then transferred to

the growth chambefand the ch as n_liquid nitrogen cooled. The
titanium 5fg \ % r v%li ff.
2. Increase me substrate fempega’rure (OM: %\;en-Monipulotep as well as the Al-,
TR IURIINYIAY
qﬁ 1§ ?‘j im |
Al 300 °C — cdlibrate from the flux pressure (see item 3)
Ga 300 °C - 210 °C
Si 300 °C — depend on the carrier concentration designed
3. Rotate the manipulator up by 224 degrees to obtain the “optimum™ flux
pressure measurement position. The gallium flux will first be measured. The Ga-

containing cell and the main shutter are then opened, while the others are
closed. Adjust the Ga cell temperature to get the flux pressure of 4.3x107 Torr
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(wait until the pressure is stabilized). The growth rate of GaAs is then get 0.8
um/hour. Close the individual cell shutter as well as the main shutter. To get
the ternary compound GaosAlo.1As, we have to adjust the Al cell temperature
by reading on the gauge:

Al flux = (Ga flux) x % (mole fraction) x (1)—2—5 (gauge sensitivity)

=2.6164x108 Torr

The Al flux of GaosAlo2As, GaozAlosAs and GaosAlosAs are, therefore,
obtained:

Gao.sAlo.2As 2

Al flux = 4.8xl@7xm=— x

32%:_4'

Al flux 4 3xlﬂ-7

Gradually increase the As cell temperature up @ 190 °C. Make small steps (5
°C/min each). The iadividual shutter of the As-containing cell is opened, as
well a re closed. The partial
Pl eﬂ'ﬂ(ﬂﬁﬂ ﬂ%ﬁnmﬂﬁ% so that it may reach
about 8.6x10¢ Torr. During thls fime, the subs’rro're fempero’rure is adjusted to
be 300 °C.

AdaaNAIaNBIYS VAL, comes e

m@in shutter, as well as, As cell). Increase the substrate temperature to 550 °C.
The electron gun of RHEED system is powered on and the shutter that protects
the RHEED screen is then opened. By using the deflectors, position the
electron beam so that it strikes the substrate. A diffused light must be
observed on the screen, and possibly circles due to the surface oxide.
Gradually increase the substrate temperature (10 °C each step) until the
spotty pattern is clearly observed. Set the substrate temperature cool down
by 20 °C less than that of the temperature. Deoxidation is then processed for
approximately 10-15 min. The streaky pattern will slowly appear. They
gradually become less and less diffuse as the oxide evaporates.
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Gag A As  02um
Gag Al As  0.2um
GouhlAs  0.2um
Gdo AL As  0.24um

GaAs 0.5um

Fig. 4.10 The MBE growth device structure

5. Open the Ga individual shy‘!‘i gin the GaAs deposited on the substrate.
Store at this condition until thickness is obtained (e.g. 2 hour 30
min to obtain 2 um aAs eplt 7 growth rate 0.8 um/hour). Another
cell shutter (such @s"Aland S[)) is ned if either the GaAlAs epitaxial

layer or the dow TS tequired. | x--...;_

Remark that th , for ex%plq.os illustrated in Fig. 4.10 is not

yef fhe p-n junction smce ‘grow the p-type epitaxial layer. To form the
i fiate, it needs 1o be diffused by p-type dopant. The

way to achieve this puggosg is real: éﬁﬂb Ln-diffusion, described in the following
section.

4.6 In Diffusion

_ The experimental f¢ iq : ufiliz i chamber in LPE graphite boat

‘ in close proximity as illustrated in Fig.
4.11.The Znis dissolved in @ oIYp’EFmeu s Ga or Sn as a diffusion charge. In this
research, the diffusion charge éenioms n and 0.25 g Sn for the doping carrier
concentration of 10'8 cm-3. The:diffusion. loaded with fhe wafer ond dtffu5|on
charge, then it is plagedin a growth tube of LP i,

position of the boe
hydrogen gas.

<———————— H, flow ( Quartz fube

/A/. , I '/;//

Fig. 4.11 Crossectional view of a modified graphite boat showing diffusion charge
and confined vapor chamber between the charge and wafer
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In our experiment we found that the heating temperature of 600 °C with the
hold time 30 minutes allows the Zn diffuses into the GaAs (n*) substrate 1.09 um depth
as seen in Fig. 4.12. lts IV characteristic shows the cut-in voltage ~1 V and the
breakdown voltage ~ 2 V, as shown in Fig. 4.13.

diffusion dgoﬂ:'m of 600 °C for 30 minutes
A -y
idd

Fig. 4.13 The IV chordc’rerisﬁc of Zn diffusion pn junction under 600 °C for 30 minutes
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4.7 Device structure formation

After all epitaxial layers are satisfied, the substrates are then cleaned by HCI
(50%) solution to remove the residual oxide layer and also the sticking Ga from the
surface. Next, the substrates are ultrasonic cleaned and thoroughly washed by DI-
water and then dried by blowing N2 gas. Up to this point, the device can be
processed as follows:

4.7.1 Metallization

After cleaning, the device needs to be made the contact by metal films,
which are allowing as electrical signal to enter in and come out of the device. In this
research metal fims can be formed by the method of flament evaporation. More
often the alloyed contacts in Gdﬁw re based upon Au or Ag, and these
alloys usually contain Zn as t ant cting p-type material and Ge or Sn

for contacting n-type. The the Au- m was used for n-type GaAs and
the AuZn alloy was used.hé—fy@. Duiing-alioying above the Au-Ge eutectic
temperature (360 °C), the apparently. n n* layer sufficiently heavily
doped to produce a lineareurent ve ' teristic as a result of field emission

tithe GaAs surface well during
i is greatly improved surface
Cre the incorporation of the Ge
in GaAs. The thickness f"AuGe and Ni respectively were
deposited in our work L nealed at 475 °C for 2 minutes in
a forming gas 10% Hz + 90% he. Wher 2 ick AuZn alloy is depositing onto

alloying, but the presen
uniformity of the alloyed A

‘ 'the geometric patterns on a mask to
lled resist covering onto the surface of a
jions E the contact, windows and

Lithography is the p cejgg?‘gtrch
a thin layer of rodia’rion-sensiﬁv‘e,mqt'heri,a P
semiconductor wafer. These paitérns define 1

also the bonding pdd areas. The resist film i subjected to a development
process that selectiVelyremoves-either-the exposeco ; exposed resist depending
upon the photoresi _ 1 Be classified as positive or
negative, depending on how they re ; adiation. The positive type removes

the exposed resist. The™het result is that the patterns fofmed in the positive resist are
the same as those on thefmask. The negative type forms patterns that are the reverse

of the mask i m ade less soluble. The
phoftolithographyat saetehl carrie as follaws (See Fig. 4.14);
Y
1. Prebake the device at 90° €, 5 min. Apply a layer of pésitive photoresist film

%ﬂammm@j me?w gfs]:ﬁt%] device at 90° C

2. Exposure of the photoresist through a patterned contact mask (see Fig. 4.15)
by photoexpose. (Fig. 4.14 (b))

3. Developing of the photoresist, then postbake at 120° C, 17 min. Coating
another side of substrate with positive photoresist and replicated postbake at
120° C, 3 min. (Fig. 4.14 (c))
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4. Etching metal film patterns and rinsing of the patterned photoresist. Anealling
the device again at 450° C, 30 sec. in a forming gas 10% H2 + 90% Na. (Fig. 4.14

(d)
5. Repeating step 1 to 4 by using mesa mask.

6. Mesa etching by Ha8O4:H202:H20  (3:1:15) etchant (etched rate~ 1.5um/min).
(Fig. 4.14 (e))

positive photoresist

AuGe/Ni ¥ positive photoresist

(@)

AUSINENINGINS
chile m?‘lﬁ’t@{%‘“@%ﬁ%ﬁ Al

(c) Developing of the photoresist
(d) Etching metal film patterns
(e) Mesa etching
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]

“"Contact mask” “Mesa mask”

Fig. 4.15 Contact and mesa mask

brass kAl
sting |

b e i X .

lnsulaf i — photodiode
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D\\\\\\
5N

J by cleaving and afterwards
\ 'r ization. (see Fig. 4.16)

The realized phoiodiodes
each chip is mounted on 't

d
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