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CHAPTER 1

INTRODUCTION

1.1  Background

Photodiode is one of the most common photodetectors that is sensitive to
optical radiation and converts this radiation into an electric current. Photodiode has a
variety of applications such as those in optical communication systems, optical
computing systems, etc. Many studies have been done in order to improve the
performance of the photodiode, but most of them have concentrated on the active layer
of a photodiode and neglected the absorption and carrier production that occurred in
the P top layer. These processes can be neglected by realizing the window effect of
the heterojunction or assuming that the thickness of the P top layer is very small when
the absorption is negligible.

In fact, when the light impinges upon a photodiode, some of the light is
absorbed in the P top layer and creates electron-hole pairs, but only the carriers not
beyond the diffusion length from the depletion region edge can contribute to the
output current. This part of current may severe the response speed of photodiode,
therefore, the generated carriers should be suppressed. However, if the sensitivity is a
major objective, the carriers recombination in this region should be reduced by any
means of a built-in. electric field in the P’ top /layer created by producing a graded
semiconductor layer bandgap.

It is also interesting to note that the P top layer of a photodiode restricts the
bandwidth of the spectral response of that photodiode because the bandgap energy of
the P* top layer does determine the light that can penetrate the active region. Thus, the
graded bandgap top layer photodiode would have the spectral response that differs
from that of the constant bandgap top layer photodiode.

In this research, a study on the spectral response of GaAlAs/GaAs

heterojunction photodiodes has been done. This type of photodiode is applicable to



Optoelectronic Integrated Circuits (OEICs) for local-area networks and optical
information processing where GaAs/GaAlAs sources are usually used. The
photodiodes with a constant-bandgap top layer and graded-bandgap top layer are

fabricated for comparison.

1.2  Objectives
1. To study and develop the fabrication of GaAlAs/GaAs heterojunction
photodiodes grown by Liquid Phase Epitaxy Technology.
2. To study on the spectral response of GaAlAs/GaAs heterojunction
photodiodes

3. To study the role of p'- top layer contributing to its spectral response.

1.3 Structure of the Thesis

The thesis consists of six chapters.

In chapter 1, a brief background and objectives of the work are described. In
chapter 2, the description is done on the theory of heterojunction photodiode. The
basic principle of operation of photodiode and its important characteristics are
described. Then, the properties of compound semiconductors which are the widely
used materials for optoelectronic devices are considered.

In chapter 3, the details of the structure of heterojunction photodiodes are
discussed. The important role of the P’ top layer ‘is considered. This is followed by
the theoretical calculation of the spectral response. In chapter 4, the epitaxial growth
and related fabrication technologies of GaAlAs/GaAs photodiode are described. In
chapter 5, the experimental results of electrical characteristics and the spectral
response of some heterojunction photodiodes are presented and discussed.

In chapter 6, the conclusion of the work and some suggestions for further work

are given.



CHAPTER 2

THEORY OF HETEROJUNCTION PHOTODIODE

In this chapter, we consider the concept of heterojunction photodiodes. We
begin with the basic principle of operation of a photodiode and its important
characteristics. Next, we consider some basic properties of compound semiconductors
by concentrating on the III-V compound. In the last section of this chapter, the

concepts of heterojunction and its window effect are described.

2.1 Operation Principle of a Photodiode

A photodiode is basically a P-N junction operated under reverse bias. The
basic principle of operation of a photodiode is the conversion of the incident optical
signals into electrical currents by the absorption process in the material employed. This
operation is based on the fact that under reverse bias, the current flowing in P-N
junction diode is relatively small and voltage-independent but is proportional to the
optical generation rate of electron-hole pairs due to the incident light.

To illustrate the process of photogeneration of carriers when the light impinges
upon a photodiode, we consider the schematic of a diode shown in Fig. 2.1. This type
of device is commonly called a depletion layer photodiode with a large depletion layer
width; as a result, more photons can be absorbed. Radiation is assumed to be incident
on the whole surface of the P’ top surface. When the incident photons are absorbed,
electron-hole pairs are generated primarily in the depletion region. Both the electrons
and the holes generated are swept separately by the electric field existing in the region,
the electrons going into the N’ region and the holes going into the P’ region, both
contributing to the photogenerated current in the external circuit. In addition to the
carriers generated in the depletion region, electron-hole pairs are also photogenerated
in the bulk of P" and N regions. But only the carriers generated within a distance of

one diffusion length from the edge of the depletion layer will diffuse to the edges of



the depletion layer and drift across it to contribute to the photogenerated current. The
carriers photogenerated on the average more than a diffusion length distance from the
depletion layer would recombine before they reach the depletion layer and do not

contribute to the current.

hv
——— : E
g Diffusing
- P o © o) o o J,electrons
\/ —— R ST, <~
N ? 1
e B8RS o e Tt e
4+ ) | © 9 Diffusing
N . holes
|
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dark | =
V

v

increasing light
intensity

Fig. 2.1 (a) Junction photodiode showing carrier drift and diffusion regions

(b) Current-voltage characteristics inthe dark and under illumination

Therefore, the total current in the external circuit consists of carriers

photogenerated in or very near the depletion layer and those thermally generated.



The total current in the photodiode is given by the light generated current and
the thermal generated dark current of the diode. Using this definition, the expression

for the total current becomes

qV
I = I, [ep(—)=1]—1, (2.1)
nkT
where 1, is the saturation current or dark current of the diode under zero bias

condition
v is the voltage across the diode
n is ideality factor with a value between 1 and 2
k is the Boltzmann s constant
T is temperature ( K)
1, is generated photocurrent.

Photodiode is usually reverse biased with relatively large biasing voltage. As a

qv . : .
result, exp(—) << and the total current in Eq. (2.1) is approximated as
nkT

L= —(l,+1,) (2.2)

Equation (2.2) is indicating that the total current of a photodiode under reverse
biased condition is proportional to light intensity so that the resulting characteristics of
the photodiode become as shown in Fig. 2.1. Thus we can use photodiode for detecting
optical signal by converting it into electrical signal.

As mentioned previously, photogenerated carriers move in drift-and diffusion.
Therefore, under steady-state conditions, the total current density (J) through the
reverse biased depletion layer is composed of the sum of the drift and diffusion
components given by [1]

J = J,+J (2.3)

diff



To derive an expression for J, we shall neglect thermal generation within the
depletion region and light absorption in the P’ top layer. This absorption is negligible
only if the thickness of the P top layer is much smaller than & ', where « is the
absorption coefficient, or there is a window effect at operating wavelength of the
incident light.

When internal quantum efficiency, 77, =1, the electron-hole pair generation

rate G(x) is given by

G(x) = ¢,,ae_“x

P (1—0) -
S \ R/ Oe 2.4)
AhV

where ¢0 is incident photon flux per unit area (photon/sec/cmz)

P

. is incident optical power

@R is reflection coefficient of the top surface

h isthe Plank s constant

vV  is the frequency of the light

A4 1s the device area

x is the distance from the P™-N junction (shown in Fig. 2.2).

The value of & » 1s practically made as small as possible by placing anti-

reflective coatings on the top surface. Therefore, the driit current J , is given by
I = —qJ;VG(x)dx
-a
= —q¢0(]—e W) (2.5)

where W is the depletion-layer width



Next, we consider a diffusion current component by neglecting the diffusion
current in the P’ top layer. Thus only minority holes photogenerated in the N layer is
considered. For x>w, the minority-hole density is determined by the one-

dimensional continuity equation:

2
apn_pn_pn()

+G(x) = 0 (2.6)
i
‘ 8x2 Th
where D 0 is the diffusion coefficient for holes
T, 1s the lifetime of excess carriers
P, 1 the equilibrium hole density
O~
pt n nt
Pinc f\f\_
0 wW
> X

X

Fig. 2.2 Absorption and carrier generation in a reverse-biased depletion

layer photodiode



This equation is subject to the boundary conditions:

p, =0 at xX=Ww

The solution of Equation (2.6) then becomes

— —aw  (W—x)/L
Py = P (P, TCe Je'
with Ly=a /Dy T,
2
oL
and I %—h“
D, (1—QL,)
The diffusion current density is then given by
_ apn
Jag = 9D, P
X Jx=w
B OL, — —ow D
= —4f, e T W
1+aL, J
and the total current density is obtained as
S D,
Jtotal = _q¢0 (1— )_QPHO -

1+ar, L,

+Ce

Oix

2.7)

(2.8)

(2.9)

(2.10)

(2.11)

(2.12)



Under normal operation conditions, the term involving p, =~ is very small so
that the total photocurrent is, as expected, proportional to the incident photon flux ¢0.

The external quantum efficiency 77, , of a photodiode can be obtained as

_ |J/q|
next -
P, . /AhV
T
= (1=@y)| 1— (2.13)
1+ai,

which is the number of carriers collected to produce the photocurrent divided by the
number of incident photons. High quantum efficiency requires minimization of light
reflection at the photodiode surface. This, as mentioned above, can be done with an
antireflection coating. The other necessary condition to increase 77, , is

ext

ow >> 1 (2.14)

Equation (2.14) is suggesting a high value of & or » which can be interpreted
as the large absorption in the depletion region. However, for w >> I/Ol, the
transit-time delay of the carriers may be considerable because the speed of
response of a photodiode is” determined by the drift time across the depletion
region. Therefore, the value of W is limited. The only way left is to increase the
value of ¢ ; unfortunately, the value of absorption coefficient at the bandedge is
determined by the energy gap of the semiconductor, thus it also cannot be
changed.

From Eq. (2.13), if the value of diffusion length L, is very small and the

internal quantum efficiency 77, is less than 1, the external quantum efficiency can be
written as

My =1,(1=O 1=~ ") (2.15)



2.2 Quantum Efficiency, Responsivity and Response Speed

In its applications, we are particularly interested in three properties of the
photodiode: the quantum efficiency, the responsivity and the speed of response of the

device.

2.2.1 Quantum Efficiency and Responsivity

The quantum efficiency, 7] , as mentioned previously is the number of electron-
hole pairs generated for each incident photon. For high detector efficiency, the
depletion layer should be sufficiently thick to allow a large fraction of the incident
light to be absorbed. The other option to increase the quantum efficiency can be done
by realizing a heterojunction. A large-bandgap material can be used as a window for
transmission of incident photons whose energy is less than its bandgap energy. These
photons can be absorbed in the depletion layer without being attenuated. In other word,
the property of a photodiode is described by its responsivity, which is an important
figure of merit of a photodiode. The responsivity, R, is defined as the ratio of the

photocurrent to the optical power:

R=_r
P
opt
A ¢ i
_Ma _ A (Hm) AW (2.16)
hV 1.24

2.2.2 Response Speed
The speed of response of a photodiode is determined by three factors:
(1) diffusion of carriers outside depletion region within a diffusion
length
(2) drift time across the depletion region

(3) capacitance of the junction

10



Carriers generated outside the depletion region within a diffusion length can
diffuse to the junction, but, with a considerable time delay. To get rid of this diffusion
effect, the generated carriers should be suppressed by the window effect or by the
special design of the P’ top layer. If the quantum efficiency is the primary interest, the
depletion region should be sufficiently wide to absorb all of the incident light.
However, the depletion layer must not be too wide, or the transit time effects will limit
the frequency response. On the other hand, making the depletion region too thin results

in a large junction capacitance which is given by

€355 (2.17)
w

where A is the device area
w  is the device depletion width
€ is the dielectric constant of the employed material
The excessive diode capacitance, together with the load resistance, R, , will
result in a large time constant, R,C . As mentioned above, for the purpose of high-
speed response, very thin depletion layer is needed to reduce the transit time. However,
this sacrifices the quantum efficiency. Thus there is a trade-off between the response

speed and quantum efficiency.

2.3  Properties of Compound Semiconductors

Semiconductors occur in many different chemical compositions with a large
variety of crystal structures. They can be elemental semiconductors or compound
semiconductors. The elemental semiconductors are composed of single species of
atoms such as Si or Ge, whereas the compound semiconductors are composed of two
or more elements, for example, binary compounds such as GaAs and InP. By alloying,
the binary compounds could form ternary such as GaAsP and GaAlAs or quaternary

compounds such as InGaAsP. An attractive figure of these alloys is the possibility to

11



change their properties by changing the alloy composition, for example, bandstructure,
electronic, and optical properties. Now we will examine some of the characteristics of

compound semiconductor alloys.

2.3.1 Energy Bandgap

The energy structure of a particular semiconductor determines its optical and,
in part, its electrical properties. For naturally existing semiconductor crystals like
monoatomic Ge and Si, binary GaAs, etc., their fixed and unalterable energy-band
structures restrict their applications. One of the powerful tools for varying the band
structure is based on alloying two or more semiconductor materials. As the
composition of an alloy wvaries, the internal structure of energy bands changes
significantly. So we can conclude that the band structure of the alloy can be
characterized as a function of the composition fraction.

For example, we will consider the change of band structure of the Ga, Al As
alloy which is a typical ternary alloy widely used for high-speed microelectronics and
optoelectronics. Since the Ga, Al As is formed from the binary compounds, GaAs and
AlAs, we will first consider the band structures of GaAs and AlAs shown in Fig. 2.3. It
is clearly seen that there are three conduction band minima, called direct I" minimum,
indirect X minimum and indirect L minimum in both compounds. From the figure,
GaAs is a direct gap material because the direct I' minimum is the lowest energy
minimum. But AlAs is an indirect gap material because the lowest one is the indirect X
minimum. Figure 2.4 shows the evolution of these three energy minima with the

composition X.
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Fig. 2.3 The (E.k) diagram for GaAs and AlAs showing three minima

in the conduction band

Energy, (eV)
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1.0
GaAs
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Fig. 2.4 Composition dependence of the direct (I") and indirect (X and L) conduction

band minima in the Ga,_ Al As mixed crystals
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From this figure, we found that near the composition x~0.45, the GaAlAs
transforms from a direct to an indirect gap material. The bandgap of Ga,_ Al As can be

described as a function of the fraction x as [1]

r
Eg =1425+1.247x direct - bandgap condition x <0.45
=1.425+1.247x+1.147(x —.045)2 indirect - bandgap condition x = (.45
< , (2.18)
E, =194+0.125x+0.143x
L
E, =1.708+0.642x

The monotonic variation of bandgap with alloy composition allows us to

realize the heterojunction which is widely used in the design of optoelectronic devices.

2.3.2 Lattice Constant

Lattice constant is also one of the parameters of the compound semiconductors
that depends on the alloy composition. Figure 2.5 plots the low temperature energy
bandgaps of a number of semiconductors versus their lattice constants. The shaded
vertical regions show the groups of semiconductors with similar lattice constants.
Materials within the same shaded region but having different bandgaps can, in
principle at least, be combined to form heterojunctions with a particular band offset.
The choice of band offsets can be widened by growing binary (such as SiGe), ternary
(such as AlGaAs) and quarternary (such as GalnAsP) alloys indicated by the solid
lines in the figure.

For example, the lattice constant (a) of Ga,_Al As as a function of the Al

content (x ) is given by [2]

a=15.6533+0.0078x (2.19)

14
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Fig. 2.5 Low temperature energy bandgaps of a number of semiconductors versus

their lattice constants

2.3.3 Absorption Coefficient

The absorption coefficients for semiconductor materials vary with the photon

wavelength and with the material. For GaAs, the absorption coefficient is expressed as

[3]

5SEX10" JOE;—E )t (£,<E,)

Q = y-exp[100(E, —E, ) +782] us.(Ey SE, SE, ) (2.20)

—2
0I3(E,=E;—425X10 " ). (E, SEj)

hV
where 1 is the photon energy given by — (eV)
q

£ is the bandgap energy (eV)
g, isgivenby £ _+0.005s eV

E, 1s given by E,—00526 eV.
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Figure 2.6 shows the absorption coefficient & of GaAs at room temperature
calculated with Eq. (2.20) corresponding to the theoretical values. It should be pointed
out that the values of the absorption coefficient change significantly near the band
edge. This sharp rise of the absorption coefficient curve is known as the absorption

edge. GaAs has a steep absorption edge because it is a direct gap material.

10F T T T T T

Experimental results
Theoretical results

Absorption coefficient (cm'l)

j'8.30 1885, 1.40 1.45 1.50 155 1.60

Photon Energy (eV)

Fig. 2.6 Absorption edge of GaAs at room temperature

The energy bandgap of the alloy semiconductor is strongly dependent on the
alloy composition. Therefore, the absorption coefficient is also dependent on the alloy
composition. For example, in the case of GaAlAs alloy, the shape of the direct-gap
absorption edge in GaAlAs alloy is quite similar to that in GaAs. Figures 2.7 and 2.8
show the absorption edge of Ga, Al ,As and Ga, Al ,As, respectively.

Since & is a strong function of the photon wavelength, for a given photodiode
material, the wavelength range in which appreciable photocurrent can be generated is
limited. Therefore, the absorption coefficient is one of the key factors that determine

the quantum efficiency of a photodiode.
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Experimental results
Theoretical results

Absorption coefficient (cm'l)

1 R
9.55 1.60 1.65 1.70 1.75 1.80 1.85
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Fig. 2.7 Absorption edge of Ga, Al ,As at room temperature
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Experimental results
Theoretical results

Absorption coefficient (cm‘l)

18.80 1.85 1.90 1.95 2.00 2.05 2.10

Photon Energy (eV)

Fig. 2.8 Absorption edge of Ga Al ,As at room temperature

2.4 GaAlAs/GaAs Heterojunction and Window Effect

Heterojunction is a junction formed between two dissimilar semiconductors.
When the two semiconductors have the same type of conductivity, the junction is
called an isotype heterojunction. When the conductivity types differ, the junction is

called an anisotype heterojunction. Heterojunctions have been extensively studied, and



many important applications have been made. The most important applications are in
photonic devices, including semiconductor lasers, photodetectors and solar cells.

The heterojunction pairs are limited to those of close lattice match and
reasonably close thermal coefficients of expansion. The GaAlAs/GaAs heterojunction
system 1is a lattice-matched material. This system has a very small mismatch of the
lattice constants of only 0.1% over the entire range of possible Al-to-Ga ratios in the
GaAlAs. As a result, very few interface states are expected to exist at the boundary
between the two materials. Therefore, such heterostructure can be grown free of a
mechanical strain and significant imperfection.

The optical properties of the heterojunction are of interest. When a
heterojunction is formed between GaAlAs and GaAs, their band diagrams before
joining are shown in Fig. 2.9 and light is incident on a heterojunction from the GaAlAs
side. Conceptually, GaAlAs which is a wide band-gap semiconductor would act as a
window that admits photons of energy less than E . Those of energy between E , and
E, (the GaAs band gap) would pass freely through the GaAlAs and then are absorbed
in the GaAs. As a result, the photogenerated carriers are created. This is known as the

window effect in heterojunction.

) I I t

X == =

T
Egl Egz
2 IA Ev
GaAlAs GaAs

Fig. 2.9 Ideal band diagrams of GaAlAs and GaAs before forming a junction
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The window effect creates a band-pass region of the sensitivity to photons of
energy between E | and E , and also allows the junction to be placed deeper from the
surface than in a homojunction. Therefore, in a heterojunction photodiode, the
quantum efficiency does not critically depend on the distance of the junction from the
surface. In addition, the heterojunction can provide unique material combinations so
that the quantum efficiency and response speed can be optimized for a given optical-
signal wavelength. For example, a Ga; Al ,As/GaAs heterojunction photodiode has a
spectral response from ~650 to ~850 nm, which is wider than GaAs homojunction
photodiode.

Anyway, we will account for the fact that as photons penetrate a material, their
intensity decrease through absorption. In the same manner, when light enters the P+-top
layer, the fraction of light is absorped. Hence, the power entering the depletion region

is given by

P =Tl 2.21)

where P, is the power incident on the P’ region (watt)

0

P, . is the power entering the depletion region (watt)

« is the absorption coefficient (cm’)
d is the width of the P region (cm).
Thus, the amount of optical power absorbed in the depletion region is given by
—aw

:Pz’nc—P' €

mc

P

absorb

=p (1—¢ ) (2.22)

mc
where W is the width of the depletion region
Therefore, a smaller P* region and wider depletion region increase the quantum

efficiency of a photodiode.
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CHAPTER 3
STRUCTURES OF GaAlAs/GaAs

HETEROJUNCTION PHOTODIODE

As mentioned in section 1.1, the top layer can restrict the bandwidth of the
spectral response of photodiodes by window effect. The understanding in terms of
energy of heterostructure is necessary. Therefore, in this chapter, the energy band
diagrams of top layer, both the isotype of P'- GaAlAs layers and the anisotype of P-
GaAlAs/n -GaAs are described. Then, the structures of photodiode are designed and

the calculation of the spectral response is presented.

3.1 Construction of a Heterojunction Energy Band Diagram

We now consider the energy band diagram of a heterojunction, which is
complicated than that of a homojunction due to the bandgap energy difference. Figure
3.1 shows the energy band diagram of two isolated pieces of semiconductors prior to
the formation of a heterojunction. The two semiconductors are assumed to have
different energy bandgaps £ different dielectric permittivities €, different work
function @, and different electron affinities J, .

The work function of a semiconductor is defined as the energy required to
remove an electron from the Fermi level E,. through the bulk surface to the energy
level of vacuum outside the material. Therefore, the work function is dependent on the
Fermi level that varies as a function of the doping level. The electron affinity, defined
as the energy to take an electron from the bottom of the conduction band E_ to the
vacuum level, is a material property that is invariant with normal doping.

The differences in energy in the conduction and valence band edges are

represented by AEC and AEV , respectively.



In drawing the band diagram for a heterojunction, there are two basic criteria
we have to consider:

(a) The Fermi level must be the same on both sides of the interface in thermal

equilibrium.

(b) The vacuum level must be continuous and parallel to the band edges

Figure 3.2 shows the equilibrium band diagram of an ideal abrupt heterojunction
formed between the two semiconductors in Fig. 3.1. The criteria mentioned above
cause the band edges to bend at the interface as shown in the figure, a phenomenon
known as band bending. The band bending will be assigned the symbols 7, ,and 7,,.

From Fig. 3.2, the amount of the Fermi displacement E,, —E ., is given by

Ep —Ep, :(ZI +E,, _51)_(;(2 +52)
=y,

£ 3.1)

which corresponds to the total of the band bending, v, , +V, ,. According to simple

geometrical considerations, the conduction band offset, AEC , 1s given by
AE. =y, — 1, (3.2)

Then the valence band offset is given by

AEV :(ZI +Eg1)_(Z2 +Eg2)

=Ae,—Ay (3.3)
Therefore,

AE, =AE. +AE, (3.4)
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To draw the band diagram accurately, we also account for the band bending,
V,,and 7, ,, in the junction in addition to the band discontinuities. To do this, we must
solve the Poisson’s equation across the heterojunction, taking into account the details
of doping and space charge. The transition regions are assumed to be completely

depleted over the distances x, and X, where [4]

xn/xpzNA/ND 3.5)

to satisfy charge conservation. According to the Poisson’s equation, we have

V) =Npx. /2€, (3.6)
and

Vys =N x5 /2E, (3.7)
Whence

Vo [Vo2 =N 4 € [Np €, (3.8)

Next we will examine the approximate diagrams without a detailed calculation
of the anisotype p-n junctions formed by p-type Ga, Al As and n-type GaAs with the
Al content of 0.1, 0.2, 0.3, and 0.4, respectively. To make the band diagrams, we
assume that the Ga,_ Al As is p-type, doped to 10" donors/cm3, and the GaAs is
undoped. The parameters we use to construct the energy band diagram are the static
dielectric constant € ., band gap energy E,, and the electron affinity ¥, . Since the
properties of Ga,_ Al As are significantly dependent on the Al composition, these

parameters can be written as a function of Al content (x) as [5]

€,=13.18—3.12x (3.9
X, =3.64—0.14x for x <0.45 (3.10)

E, =1425+1.247x for x<0.45 (3.11)
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The relevant material properties are summarized in Table 3.1. The heterojunction

energy diagrams of Ga,_ Al As/GaAs with Al content 0.1, 0.2, 0.3, and 0.4 are shown

in Figs. 3.3, 3.4, 3.5, and 3.6, respectively. It should be noted that all of the diagrams

are not drawn strictly to scale.

For an isotype p-p heterojunction, for example, that formed by p-type Ga,.

Al As and Gal_yAlyAs with different Al contents can also be done in the same manner.

Figure 3.7 shows the energy band diagram of the P+-Ga0'6A10'4As/ P+-Ga0‘7Alo‘3AS/ P-

Ga, Al ,As/ P+-Ga0_9AIO_1As/n_ -GaAs heterojunctions with uniform doping of

10" donors/cm’.

TABLE 3.1

Calculated Values in Construction of the P-n Ga,_ Al As/GaAs

Heterojunction Band Diagram

GaAs Ga Al As | Ga Al L,As | Gaj Al ,As | Ga, Al As
Energy Gap 1.425eV 1.5497eV 1.6744eV 1.7991eV 1.9238eV
Electron
4.07eV 3.626eV 3.612eV 3.598eV 3.584eV
Affinity, ¥,
Net D0n0r 19 -3 19 -3 19 -3 19 -3
- 10 cm 10 cm 10 cm 10 cm
Doping, N,
EE; 0.7125eV - - - -
E;-E, 0.7125eV 0.5187eV 0.5807eV 0.643 0.7054eV
Dielectric
13.18 12.868 12.556 12.244 11.932
constant
Intrinsic carrier 0 4 u s w3 u s u
21X10cm ™ | 5X10 cm 5X10 ‘cm 5X10 cm 5X10 cm

concentration [6]
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Fig. 3.1 Energy band diagram for two isolated semiconductors
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Fig. 3.2 Energy band diagram of an ideal P-n heterojunction at thermal equilibrium
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Fig. 3.3 P+-Ga0‘9A10‘lAs/n' -GaAs heterojunction energy diagram at thermal equilibrium
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Fig. 3.4 P+-Ga0.8Alo.2As/n_ -GaAs heterojunction energy diagram at thermal equilibrium
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Fig. 3.5 P+-Ga0‘7A10‘3As/n_ -GaAs heterojunction energy diagram at thermal equilibrium
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Fig. 3.6 P+-Ga0‘6A10‘ ,As/n -GaAs heterojunction energy diagram at thermal equilibrium
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The energy band diagrams of the P+-Ga0.6Alo. JAs/ P+-Ga0_7A10_3As/ P+-Ga0.8Alo.2As/ P-
Ga,,Al, ,As/n -GaAs heterojunctions with different doping profiles are shown in Figs. 3.8,
3.9, and 3.10. The details of the doping concentration in each structure are concluded in Table 3.2.

These results show that the discontinuity in conduction-band edges, AEC , and
valence-band edges, AE » » 18 variant with doping level. But, by choosing the suitable doping
conditions, the band-edge profile with no energy steps AEV can be achieved as shown in Case

C (Fig. 3.10)

TABLE 3.2
The doping concentration in each layer of the P+-Gao'6Alo_ JAS/ P+-Ga0.7A10‘3As/

+ i L . .
P -Ga Al ,As/ P -Ga Al As/n -GaAs heterojunctions

Doping Concentration

Case GaAs Gaj, Al As Ga Al ,As Ga Al As Ga, Al As
A 21%X10°cm” | 10”cm” 8%10°cm” | 6X10"cm” | 4X10"cm”
B 2.1X10°cm > |10 em” 2X10%cm° | 4X10°cm” | 6X10"em”
C 21%X10°cm” | 10"cm” 9%107cm” | 8.1X10°cm” | 7.3X10"cm”
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Fig. 3.8 P+-Gao_6Alo_ JAs/ P+-GaOI7AlOI3AS/ P+—Ga0_8A10_2AS/ P+-GaolgAlOIIAS/n_ -GaAs heterojunctions energy diagram in Case A

6¢C



06704 Ga, ,Aly 4AS o I n-GaAs v
. . a S m
__________ t § 0802 g aas b acuul
0.0303eV ¥ "5 53050y P "0_6555(;\/.?-‘ _______________ ” *0.1488eV Leve
3.584eV 3.508eV 3.612¢V. e
\ ¥ 4.07eV
E~ & S ¥
¢ ooesievh } 0.0698ev§ § 0.0728ev$‘A
0.444eV ‘
1.2184eV * y
1.1741eV 1 17080y 7
- 0.0787eV
Er } 1.425eV
St SR 04r2ev g3 b [
07054V [0.6251ev Y ‘f 054489\’*:; - Y 0.7125eV
. N !
EV Y I ?0_12489\/ ?O.llOBeV 0.3193eV Y

fo.1106ev

]

Fig. 3.9 P+-Ga0_6A10_ JAS/ P+-Gao_7Alo_3As/ P+-Ga0_8A10.2As/ P+-Gao_9Alo_1As/n' -GaAs heterojunctions energy diagram in Case B

0¢



Ga, Al ,As
0.6 0.4 Gao 7A|o 3As
' ' -GaAs
Gay, Al HAS "
.......... t *_ " — Ga, JAl, . As j
1 ""A' _______ . _* 0.9"70.1 e e 1T Vacuum
0.1104ev$ 0 1116\/? e R - 5 / 0.3121eV |
' 0.1106ev; TSNSy * Leve
3.584eV 3.598eV
y *\ Y 3-6123\/* 3.626eV
0.1244eV
A _Y 4.07eV
EC A ? 0.125eV 7\ N
? 0.125eV ? T V Y
0.4436eV 0.3121eV A
1.2184eV 1.094eV *
1.425eV
0.0698V 0.844eV
= to ——1-
0.7054eV 0.7054eV 0.7054eV 0.7054eV 0.7125eV
EV y Y Y * Y

0.3261eV |/
}

Fig. 3.10 P+-Ga0.6A10. JAs/ P+-Ga0_7AIO_3AS/ P+-Gao.8AIO.2AS/ P+-Ga0_9AIO_1As/n_ -GaAs heterojunctions energy diagram in Case C

Ie



32

3.2  Heterojunction Photodiode Structures

To study the importance of the P’ top layer in the photodiode structure, three
different structures of a GaAlAs/GaAs heterojunction photodiode have been fabricated
in this research. The basic structure is a depletion layer photodiode which is composed
of a 50-Llm-thick undoped GaAs and 1-Um-thick P- Ga,_Al As top layer which acts
as the wide gap window layer of the photodiode grown on n'- GaAs substrate by
Liquid Phase Epitaxy Technique. The difference between these three structures is the
energy gap of P'- GaAlAs layer. In Structures I and II, the constant band gap of
Ga, Al As is grown as the top layer in which x is 0.2 and 0.4 in Structures I and II,
respectively. On the other hand, the multilayers of Ga, Al  ,As/ Ga Al ,As/
Ga, Al ,As/ Ga,,Al;,As are grown in Structure I11.

In order to apply electric field, AuZn is evaporated and alloyed on the P'- GaAlAs
top layer. Then AuGe+Ni electrode is evaporated and alloyed on the n'-GaAs

substrate. The sample structures are shown in Fig. 3.11.

iz AuZn
i ro
. 0 Ge-doped P" Gaj Al 4As
Ge-doped + 19 -3 P* Ga, SAl ,As
1019 cm3 P G"il-x'A‘lx'A‘s | 1 pm 10gcv " 002 1 pm
P™ Gag gAlg oAs
N” GaAs 50 pm 7 Sfagtloste I
N~ GaAs 50 pm
N* substrate |
300 pm N* substrate 300 pm
N N\ ]

&uGe+Ni A\JGe+Ni
a) b)

Fig. 3.11 The sample structures of (a) Structure I and II with x=0.2 and 0.4,

respectively (b) Structure III
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3.3  Calculation of the Spectral Response

In various applications, specific photodiodes are required which depend
mainly on the wavelength of operation. Hence, in order to design the photodiode more
suitably, the spectral responses of each photodiode structure are calculated before
fabricating. Thus, we can compare these calculated results with the experimentally
measured results afterwards. The technique used to calculate the spectral response of
photodiodes is using the semiconductor current density equations and taking into
account the attenuation loss of incident light and the wavelength dependence of the
absorption coefficient which has already been discussed in chapter 2.

For calculating the spectral response, the incident light power is fixed at
3.5x10" watt for comparison. Incorporation with the value of absorption coefficient in
Eq. (2.20), we can calculate the light power entering the depletion region which
generates electron-hole pairs. As a result, we can compute the drift current and
diffusion current in the depletion region and n region, respectively.

For the P top layer of the third structure of the heterojunction photodiode
(shown in Fig. 3.11b), we assume the linear electric field existing in the P’ GaAlAs
layers by neglecting the effect of doping level. The simplest case of no energy offset
AEV in the valence-band edge is assumed as shown in Fig. 3.12. The built-in electric

field can be calculated as follows:

From Eq. (2.18) 8gr (x)=1425+1247x for x<0.45
Therefore, for x = 0.4, we have Egr (x)=1.9238 eV
and for x = 0.2, we have Egr (x)=16744 eV
: dv . .
from electric field E = — % where y is a distance
'y
__Zd¢E
qdy

_ (1.6744-1.9238)eV
1.6x107 x0.5x10* cm




= 4988 V/cm
Since in very high electric fields, the drift velocities of carriers in
semiconductors tend to saturate. Then we may assume that the electrons in this region
move with a constant velocity 7 .Thus, we have
Variti =Vsar =10" cm/s
The minority-carrier lifetime in GaAlAs appears to be dependent on the
epitaxial growth technique, as well as the Al content. For LPE growth technique, the

lifetime of 2.5 ns for Ga, (Al ,As is reported [7]. Therefore, from the lifetime of 2.5 ns,

we may have

Vdm.ﬁr =107 cm/s x2.5 ns
—=2.5%10°cm

=2500 pm

This suggests that the photogenerated electrons in the window layers can drift
in a distance of 2500 um before recombining. It means that all of the electrons in the
window layers can reach the depletion region and contribute to the photocurrent. As a

result, the response at short wavelengths increases.

Ga, Al ,As <
Ga, Al ;As SN :

Ga, Al ,As

Gaj Al As

GaAs

0.25 ym

025 um

e

Fig. 3.12 The linear built-in electric field existing in the GaAlAs top layers
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It should be pointed out that even though we calculate the built-in electric field
of the third structure by considering the energy band diagram in Fig. 3.7, the calculated
built-in electric field is about 2496 V/cm, which is also high enough to cause the drift
velocities of carriers to be saturated.

The results of calculations for the spectral response of a number of
GaAlAs/GaAs heterojunction photodiodes are shown in Figs. 3.13, 3.14, 3.15, 3.16,
3.17 and 3.18.

Figure 3.13 shows the results of calculations of GaAs homojunction
photodiode. In this case, the observed spectral response is very narrow at the
wavelength of about 875 nm, conforming to the early experimental study [8]. This is
because almost all of the incident light power whose energy is higher than bandgap
energy of GaAs is absorbed in the P -GaAs layer.

Figure 3.14 shows the results of calculations for the Gaj,Al  ,As/GaAs
heterojunction photodiode. In this case, the spectral response is observed in the
wavelength range of ~800 to ~875 nm. The spectral response of this structure is wider
than that of the GaAs homojunction diode because the incident light with energy less
than bandgap energy of Ga,,Al; As (1.55 eV) can pass through the Ga,, Al ,As layer
without being absorbed, resulting in the photocurrent observed in the range of ~800
to ~875 nm. This is reflecting the window effect of the Ga Al  ,As/GaAs
heterojunction.

Similar results of ' calculations for the Ga, Al ,As/GaAs heterojunction
photodiode . (Structure 1), Ga, ,Al ;As/GaAs * heterojunction ~photodiode and
Ga, Al ,As/GaAs heterojunction photodiode (Structure II)-are shown in Figs. 3.15,
3.16, and 3.17, respectively. The only difference between these results is the short-
wavelength cutoff of the photoresponse which is established by the bandgap of
GaAlAs top layer.

Figure 3.18 shows the calculated results of the graded bandgap P+'G3046A104 JAs/
P+-Ga0'7A10'3As/ P+-Ga0'8A10'2As/ P+-Ga0.9A10.1As/n_ -GaAs/n -GaAs heterojunction



photodiode (Structure III). In this case, the spectral response occurs from ~650 to ~875
nm, similar to that of the Ga, (Al  ,As/GaAs heterojunction photodiode. If we consider
the spectral response of this structure without an assumption of the built-in electric
field, the observed spectral response in this structure should be similar to that of the
Ga,,Al,,As/GaAs heterojunction photodiode because the layer with the smallest
bandgap energy would define the energy of the photons that can pass to the active
region (depletion region). But, with the assumption of built-in electric field, the
photogenerated carriers in the multilayer of Ga, Al ,As/ Ga, Al ,As/Ga, Al ,As/

Ga, ,Al, ,As can drift and contribute to the photocurrent, in addition to the drift current
in depletion region and diffusion current in n+-1ayer, due to the existence of the built-in
electric field. Figure 3.19 shows the drift current component in each P’ GaAlAs layer
of this structure.

Figure 3.20 shows the comparison of the calculated results of the three
structures of interest. From this figure, it is clearly seen that the spectral response of
the graded band gap GaAlAs top layer photodiode is very similar to that of the
structure with constant band gap of the Ga, Al ,As top layer except for the higher

response in the short wavelength range (less than 645 nm).
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CHAPTER 4

FABRICATION OF GaAlAs/GaAs PHOTODIODE

In chapter 3, the energy band diagram constructions and the structures of
heterojunction photodiode are discussed. In this chapter, the fabrication processes of

the heterojunction photodiode including the epitaxial growth technique are presented.

4.1 Epitaxial Growth

Epitaxial growth refers to the formation of new layers of crystalline solid
material on a well-oriented single crystal in such a manner that the new, or epitaxial
layer perpetuates the crystalline structure of the original structure. This epitaxial
growth process is termed Epitaxy.

Epitaxy can be broadly classified into two categories:

1) Homoepitaxy or isoepitaxy or autoepitaxy: the composition of the layer is
essentially the same as that of the underlying substrate, for example, Si/Si
and GaAs/GaAs.

2) Heteroepitaxy: the composition of the layer differs from that of the
substrate, for example, Si/GaAs, InP/InGaAsP.

Semiconducting film may be epitaxial grown in many techniques. The most
common ones_are;: (a) Vapor Phase Epitaxy (VPE); (b) Liquid Phase Epitaxy (LPE) ;
(c) Molecular Beam Epitaxy (MBE). Of these, the LPE technique is the simplest for a
wide variety of III-V compounds and has been most explored. Basically, LPE involves
the precipitation of material from a cooling solution onto an underlying substrate. The
solution and the substrate are kept apart in the growth apparatus and the solution is
saturated with the material to be grown until the desired growth temperature is
reached. The solution is then brought in to contact with the substrate surface and allow
to cool at a rate and during a time interval which are appropriate for the generation of

the desired layer. When the substrate is single crystalline and the lattice constant of the



precipitating material is the same or nearly the same as that of the substrate, the

precipitating material forms an epitaxial layer on the substrate surface.

The advantages of LPE technique over other epitaxial techniques are:

- simplicity of equipment;

- generally higher deposition rate;

- elimination of hazards due to use of reactive gases and their reactive
products;

- larger selection of dopants that can be readily incorporated into the
epitaxy; and

- the nonrequirement of vacuum equipment

Anyway, the limitations of LPE technique are an inability to produce ultrathin

layer whose thickness is less than 0.1 [lm and the difficulty to control the layer

homogeneity in the direction of growth.

III-V compounds for optoelectronic or microwave device applications often

require that more than one layer be grown, by using a multibin boat, a number of

solutions come sequentially into contact with the substrate. Therefore, it is possible to

obtain several semiconductor layers doped with different impurities during one growth

cycle, which is used for device fabrication. Figure 4.1 and Figure 4.2 show,

respectively, a horizontal LPE system and multibin graphite boat used in this research.

The horizontal LPE apparatus prineipally consists of

1.

Programmable Temperature Controller : The accuracy of temperature
stabilization is within + 0.05°C

Resistance Furnace : The length of'the uniform-temperature region is about
200 mm.The furnace is movable over the quartz tube

Quartz Tube : 2400mm long with inner diameter about 74 mm

Gas System with Hydrogen Purifier

Hygrometer : with a resolution of 0.1 ppm
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6. Nitrogen Hood : to protect the substrates against the effect of the
environment and the forming of oxides layer on the surface during the
preparation processes

7. Thermocouple and Temperature Recorder : for temperature checking

8. Graphite Boat : allows sequential deposition of nine semiconductor layers
during one growth cycle as shown in Fig. 4.2.

9. Quartz Rod : use to slide the substrate sequentially into the bottom of the

reservoirs containing the different melting solution of Ga+Al+As

Fig. 4.1 Photograph of Horizontal LPE System at Semiconductor Device

Research Laboratory, Chulalongkorn University



Fig. 4.2 A multibin graphite boat for the sequential deposition of several layers during

one growth cycle

4.2  Fabrication Technology
4.2.1 Preparation of Substrate and Materials

The first fabrication step of heterojunction photodiode is to prepare GaAs
substrate wafer and the materials to be grown.
Wafer : For different objectives, the different sizes of the different types of wafer are
needed. We can classify them as:

a. 11X11 mm’- size wafers: used as the underlying substrates for epitaxial

growth. In this research, we used an n-type GaAs wafer doped with Si to a

level of 3-5X10 "“cm”. In one growth cycle, two substrates can be used.
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b, 6X11 mm’- size wafers: used for compensating the solution in each bin
of the graphite boat. According to this purpose, one 6X11 mm’- size
undoped GaAs wafer is needed for each layer grown.

To remove all foreign matters from the surfaces of the wafers prior to growth
processing, the wafers are prepared by the processes as follows:
- Clean in boiled Trichloroethylene for 5 minutes
- Clean in boiled Acetone for 5 minutes
- Rinse in deionized water (DI-water)
- Blow dry with N, gas
To remove oxides from the surface, the substrates are etched successively by
H,SO,+H,0,+H,0 (4:1:1) at 75°C for about 20 seconds and diluted HCI (HCI+H,0 =
1:1) for about 5 minutes, each etching state being followed by DI water rinsing and N,
gas drying.
Materials : In LPE, it is necessary that the material to be grown dissolves in a solvent.
For the growth of GaAs and GaAlAs layers Ga is most commonly used as the solvent
for As and Al In order to dope the epitaxial layers, the dopants are also prepared as the
solutes. The common n-type dopants are Sn or Te, and the common p-type dopants are
Ge or Zn. All of the materials are prepared as the solid. The specific amount of

materials for each designed layer can be obtained by mass conservation relation.

Xe, v X, +X,+X, =1 4.1)

where X is the mole fraction of one of the constituents containing in that compound. In

proportion to the weight of Ga (7, ), the weight of As () can be written as

WAS = (XAS /XGa )(MAS /MGa) ’ WGa (42)

where M is the atomic weight of each element.
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And the weight of Al (W, ) is given by

Wy= (XAI /XGa )(MAI /MGa) W, (4.3)

The weight of the impurity (dopant) (#, )is given by

I/Vim = (le /XGa)(Mim /MGa) : WGa (44)

Arsenic has to be prepared as GaAs, therefore the weight of GaAs (7, ) is

WGaAs 7 (XGaAs /XGa )(MGaAs /MGa) ) WGa (45)
where Mg, = 69.72 M, = 74.92
M, =2698 M, = 7259
Mg, = 118.69 M, = 127.60
M,,= Mg +M, = 144.64

The atom fraction of the solutes are given by the reference data curves in Figs.

43,4.4,4.5,and 4.6.[9]
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4.2.2 Calculation Method of Material Weight

The calculation of the weight of the materials to be grown in the specific layers
of all structures are shown as follows:
Structure I
P’ layer : Ga Al ,As 10” em” (Ge- doped)

Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.2 at 800 °C
we have

X, =0.0011

From Fig. 4.6, with X ,, =0.0011 at 800 °C we have

X, =0.018

4
From Fig. 4.4, at Ge-doped level of 10" cm at 800 °C we have
Xge = 0.04

Therefore, Xo, =1—X =X, —Xg, =0.9409

s

For w,, =1 g, we will have W, =0.4524 mg

W

Gads — 39.088 mg

We, =44.2625 mg
N layer : GaAs
From Fig. 4.3, referred to GaAs curve at 800 °C we have
X, =0.022
1—X

Therefore we have X S=0.978

Ga A

For W, =1 g ,wewillhave W, , =46.67 mg

Structure 11
P layer : Ga, Al As 10” em” (Ge- doped)

Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.4 at 800 °C
we have

X ,, =0.003

From Fig. 4.6, with x ,, =0.003 at 800 °C we have
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X, =0.015

From Fig. 4.4, at Ge-doped level of 10" cm” at 800 °C we have

X, =0.04

Ge

Therefore, Xg, =1—X X Xg, =0.942

As a1
For w,, =1 g,we will have W, =12324 mg

w

Gads — 33-034 mg

We, =44.21 mg
N layer : GaAs
From Fig. 4.3, referred to GaAs curve at 800 "C we have

X, =0.022

Therefore we have X, =1—X, =0978

Ga

For w,, =1 g, wewill have W. =46.67 mg

Structure 111
P’ layer : Ga, Al As 10" cm” (Ge- doped)

Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.4 at 800 °C
we have

X ,, =0.003

From Fig. 4.6, with x ,, =0.003 at 800 °C we have

X, =0.015

A

0 19 -3
From Fig. 4.4, at Ge-doped level of 10" cm” at 800 "C" we have
X, =0.04
Therefore, Xg, =1—X =X, —X;, =0942
For w,, =1 g,wewillhave W, =12324 mg
Weaus = 33-034 mg

Weg, =44.21 mg

P’ layer : Ga, Al ,As 10" cm " (Ge- doped)
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Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.4 at 800 °C

we have

X, =0.0019

From Fig. 4.6, with x ,, =0.0019 at 800 °C we have

X, =0.017

A

From Fig. 4.4, at Ge-doped level of 10” cm” at 800 °C we have
X, =0.04

Therefore, X =1l=X, —X X, =0.9411

As AP @

For w,, =1 g,we willhave W, =0.781 mg

W,

Gads — 37473 mg

W, =44.253 mg
P’ layer : Ga, Al ,As 10" cm (Ge- doped)
Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.2 at 800 °C

we have

X, =0.0011

From Fig. 4.6, with x ,, =0.0011 at 800 °C we have

X, =0.018

A

From Fig. 4.4, at Ge-doped level of 10" cm” at 800 °C we have

X, =0.04

Therefore, Xg, =1—X X X, =0.9409

As — AarT AGe
For W, =1 g ,we willhave W, =0.4524 mg

/4

Gads —.39.688 mg

W, =44.2625 mg
P’ layer : Ga, Al  As 10" cm (Ge- doped)

Referred to Fig. 4.5, with atom Fraction of AlAs in the Solid = 0.1 at 800 °C
we have

X ,, =0.00025

From Fig. 4.6, with x ,, =0.003 at 800 °C we have
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X, =002

From Fig. 4.4, at Ge-doped level of 10" cm” at 800 °C we have

X, =0.04

Ge

Therefore, Xg, =1—X X, —Xg, =0.93975

As
For w,, =1 g ,we will have W, =.1667 mg

w

Gads — 44153 mg

We, =44.316 mg
N layer : GaAs
From Fig. 4.3, referred to GaAs curve at 800 "C we have

X, =0.022

Therefore we have X, =1—X, =0978

For w,, =1 g, wewill have W. =46.67 mg

4.2.3 Growth Processes

A layer thickness (or growth rate ) for a system depends upon the mode of
creating and relieving supersaturation, which in turn depends on the temperature
program used during growth and the time at which the substrate contacts the growth
solution during this program.

Of the various modes available, supercooling, ramp cooling, steady state, and
transient mode LPE are the most often employed. In this research, epitaxial growth is
performed in supercooling mode. Initially, the solutions are saturated at an initial
temperature of 800°C for about 4 hours. In situ cleaning can be achieved by raising the
temperature to 804°C and place the substrate below a solution. This causes the
substrate surface layer to dissolve into the solution. Then, the solutions are supercooled
by driving the furnace temperature down to a temperature below that at which the
substrate and solutions are in equilibrium at cooling rate of 0.2°C/min. After AT=2°C

of supercooling, growth commences when the substrate and solution contact each other
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while the temperature program continuously decreases the temperature throughout the

growth period.

The total layer thickness is a function of time given by [10]

2
d=K(ATt1/2+—C¥t3/2) (4.6)
3
where K 1s the constant which is a function of concentration of As in the

liquid
AT is the temperature change producing supersaturation condition,
or super cooled temperature interval

a is the cooling rate.

For this experiment, A7 =2°C and ¢ is about 0.167°C/min. By checking the
thickness of the grown layers by Scanning Electron Microscope (SEM), we can adjust
growing time duration for designed layer thickness. Figure 4.7 shows the diagram of

the furnace temperature versus the growing time duration for one growth cycle.

Temp (°C)
A
804
-0.2 °C/minute
800
798
Etch-back + - P+
Saturated - -
in-situ N" -GaAs N" -GaAlAs GaAlAs

» Time

20 minute 1.5 minute

Fig. 4.7 The diagram of the furnace temperature versus the growing time

duration
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Before growth, the graphite boat is prebaked at 900°C for about 4 hours
in a hydrogen atmosphere to get rid of moisture and contaminates. After growth, the
grown layers are checked by using the Scanning Electron Microscope (SEM). If the
desired layers are achieved, ultrasonic cleaning the sample in HCI+H,O (1:1) is done
to remove the oxide layer and the left Ga from the surface, and then the sample is

thoroughly washed and dried with N, gas.

4.2.4 Formation of Ohmic Contact
Thin conducting films are deposited on the both side of the sample to form the

contacts by the processes as follows:
1. N surface is deposited with AuGe and Ni of the thickness of 2500 A and
500 A, respectively.

2. P surface is deposited with AuZn of the thickness of 2500& .

3. Then, on the P’ side, the photolithography procedure as follows are
performed:
1) To prepare the surface of the wafer for photoresist application, the
wafer is pre-baked at 90°C for 3 minutes to evaporate moisture from the
surface.
2) The photoresist is spread on the substrate surface by spin-coating
process and soft baked at 90°C for 7 minutes.
3)  The substrate is exposed to UV light using a mask of a desired
configuration (Fig.4.8a) for 30 seconds.
4) Photoresist is then developed by washing it in a positive developer +
DI water (1:1) for 30 seconds.
5) Thoroughly rinsing the substrate in DI water and then baking at 90°C
for 30 minutes.

6) Coating the back sides of substrates with wax and waiting until it is

dry.
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7) Etching AuZn in KI+], and rinsing in DI water
8) Removing wax and positive resist by washing in Trichloethylene and
Acetone, respectively
9) Finally, rinsing in DI water
4. Annealing at 450-500°C for 2 minutes in a forming gas 10% H,+90%N,

atmosphere.
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Fig. 4.8 Masks used in fabrication process (a) contact P’ (b) mesa structure
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9. |

Fig. 4.9 A realized photodiode



4.2.5 Mesa Structure
The desired mesa structure is obtained by repeating the photolithography
processes in step 3 of section 4.2.4 by using a mask shown in Fig.4.8b and then

etching in H,SO,+H,0+H,0, at 35-40°C for 3 minutes.

4.2.6 Bonding
The realized photodiodes as shown in Fig. 4.9 are separated by cleaving and
soldered to the device mounts to provide contact to the back side. Then, the Al wire is

bonded to the P top contact.
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CHAPTER 5

EXPERIMENTAL RESULTS AND DISCUSSION

In the previous chapter, the fabrication processes of the heterojunction
photodiode have been described. In this chapter, the measurement systems are
discussed and followed by the experimental results, including the current-voltage

characteristics and spectral response of the photodiodes.

5.1 Current-Voltage Characteristic

After finish all of fabrication processes, the basic parameters of the photodiode
are determined from their current-voltage characteristics. The purpose of this
measurement is not only to select the photodiodes for further spectral response
measurement but also to provide their suitable operating points. Figure 5.1 shows the
curve tracer and the probe station used for measuring the -current-voltage

characteristics of photodiodes.

Fig. 5.1 The curve tracer and the probe station used in current-voltage characteristics

measurement
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Figure 5.2 shows the example of the I-V characteristics of the fabricated
photodiodes. From the experiment, the cut-in voltage of Structure I is about 1-1.2 volts
while those of Structure II and Structure III are both about 1.6-1.8 volts in proportional
to the energy band gap of the p+-Gal_xAles/n_ -GaAs heterojunction. The slope of the
characteristics curve under forward bias condition (when the bias voltage is higher
than cut-in voltage) of Structure I is more steep than that of Structure III. These results
are probably due to a better ohmic contact in the former one since the resistance of the

contact with Ga Al ,As is lower than that of the contact with Ga, Al ,As.

Horizontal scale : 1 V/Div

Vertical scale ;: 0.1 mA/Div

Horizontal scale : 2V/Div

Vertical scale : 20 pA/Div

Horizontal scale : 10 V/Div

Vertical scale : 0.2 mA/Div

Fig. 5.2 Current-voltage characteristics of (a) Structure I (b) Structure IIT and

(c) Structure III under reverse bias range
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In the reverse bias region, the breakdown voltage of the structure III is about 40
volts as shown in Fig. 5.2c. Anyway, the breakdown voltages of the photodiodes are
usually in a range of 15-20 volts depending on the doping concentration and the

thickness of the n - GaAs layer.

5.2  The Spectral Response
For particular applications, the desired wavelength ranges to which the
photodiodes respond are also different. Therefore, the spectral response is one of the
most important characteristics that we are interested in. In this research, the
measurement is performed in a simple way to study the spectral response of the
fabricated photodiodes. A typical spectral response measurement system consists of:
1) Tungsten Lamp and Lamp Housing: used as light source
2) Lens: to focus and align the light to incident onto a photodiode
3) Monochromator: to transform the tungsten light into the monochromatic
light at a desired wavelength
4) Sample Holder with Bias Circuit: for setting and biasing the sample
5) Autoranging Picoammeter: for collecting the photocurrent data
6) Power Supply: for biasing the measured sample and used as power supply
of Tungsten lamp
7) Computer and Program: for controlling the measurement system and
collecting the measured data
8) - Optical Power meter: for measuring the power of the Tungsten lamp in

the’ measured wavelength range
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Fig. 5.4 A schematic of the spectral response measurement system.

During the spectral response studies, the tungsten lamp light was incident on
the photodiode and the reverse bias voltage was kept constant at the optimum value.
The measuring steps can be concluded as follows:

1) - Prepare the selected photodiode for the spectral response measurement by
cutting and soldering it into the device mount.

2) Check the breakdown voltage of the photodiode by using the curve tracer.

3) Set the lamp power measurement system as schematically shown in Fig.
5.3.

4) Measure the Tungsten lamp power in the wavelength range of 500-

1100nm by using the optical power meter.
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5) Set the measurement system as shown in Fig. 5.4 to perform the spectral
response measurement.

6) Measure the spectral response of the photodiode by using the computer
program to control the operation of the monochromator and collect the
photocurrent data from the autoranging picoammeter. The measured
wavelength range is from 500 nm to 900 nm.

7) Replace the measured photodiode with the other ones and repeat
measuring step 6).

8) After finish measuring all of the fabricated photodiodes, do the
measurement again for the commercial photodiode. This result will be
used as the reference data.

9) Proceed the measured data by using software Microcal Origin.

In the data processing step, the measured photocurrent data is normalized by
the power of Tungsten lamp at the corresponding wavelength. This is because the
power of Tungsten lamp at each wavelength i1s different. Therefore, we will consider
the sensitivity curves instead of the photocurrent curves. To assure the reliability of
this measurement system, the measured result of the commercial photodiode is
compared to the data in the data book. The similarity of these results will confirm us of
the reliability of this measurement.

The spectral response of the photodiodes is measured when the bias voltage
was kept constant at 1 V. The discernible photocurrent of the photodiodes is observed
in the range of 400-875 nm. The sensitivity curves of each structure are shown in Fig.

5.5.
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5.3 Discussions

Structure I P+-Ga0‘8A10.2As/n' -GaAs/n -GaAs heterojunction photodiode
As considered in the preceding chapters, the energy bandgap of the P’ GaAlAs
top layer and n- GaAs active layer define the absorption of the incident photons in the
photodiode structure. Therefore, the wavelengths in which the changes of the
photoresponse take place should be the wavelengths corresponding to the bandgap

energy of these layers.

From Eq. (2.18)  Bandgap Energy of P’ Ga, Al ,Asis 1.674 eV
corresponding wavelength is 743 nm
From Eq. (2.18)  Bandgap Energy of n GaAs is 1.425 eV

corresponding wavelength is 875 nm

But, as can be seen from Fig. 5.5a, the observed spectral response is low with
the wavelengths less than ~725 nm. The photoresponse is increasing and almost
constant in the wavelength range of ~725 nm to ~875 nm. But at the wavelengths
more than ~875 nm, the spectral response drops considerably.

The wavelengths of 725 and 875 nm are corresponding to the bandgap energy
1.71 eV of Ga,,,Al;,,As and 1.42 eV of GaAs, respectively. The deviation of Al
content of 0.03 (0.23-0.2) could be occurred during the growth process.

Figure 5.6 shows power incident on the photodiode Structure I. According to
the characteristics of the spectral response curve, the spectral response will be
discussed in three wavelength ranges.

For wavelengths less than 725 nm (photon energy greater than 1.71 eV)

In this wavelength range, the photon energy is greater than the bandgap energy
of the whole structure including the P’ Ga, ,,Al ,;As top layer. Therefore, the incident
power at the junction is considerably attenuated by the P’ Ga, ,,Al,,As layer.

However, as shown in Fig. 5.6, some photons arrive at the active region and generate
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the carriers that contribute to the measured current. Thus, the response is observed in
this wavelength range.

For the wavelength range of ~725 nm to ~875 nm (photon energy between 1.71

eV and 1.42 eV)

The incident photons in this wavelength range can pass through the P’ top layer
without being attenuated, resulting in the high incident power at the junction (as shown
in Fig. 5.6). The electron-hole pairs are generated and then contribute to drift current.

Therefore, the higher response is observed in this range.

For the wavelengths longer than ~875 nm (photon energy less than 1.42 eV)
With the wavelengths longer than 875 nm, the incident photons will have
energy less than the band gap energy of GaAs. Thus, there is no carriers generated in a

whole structure leading to no spectral response observed in this range.
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Fig. 5.6 The incident power at the junction of the structure I versus wavelength
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Structure I1 P+-Gao_6AlO. As/m -GaAs/n' -GaAs heterojunction photodiode
Fig. 5.5b shows the sensitivity curve of the photodiode Structure II. The
observed spectral response of this structure is very low with the wavelengths less than
~655 nm and in the range of ~655 nm to ~875 nm the photoresponse is high and
linearly increasing. But, at wavelengths more than ~875 nm, the response drops

drastically.
From Eq. (2.18)  Bandgap Energy of P Ga, Al ,Asis 1923 eV

corresponding wavelength is 645 nm

From the observed results, we found that the cutoff wavelengths of the spectral
response are 655 nm and 875 nm instead of 645 nm and 875 nm. The wavelength of

655 nm is corresponding to the band gap energy of Ga, ,,Al,.As. Therefore, the Al

0.62
content deviation is equal to 0.02 (0.4-0.38) which is probably occurred during the
growth process.

The spectral response of this structure is also explained in the same manner as

that of the Structure I, as follows:

For wavelengths less than 655 nm (photon energy greater than 1.89 eV)

In this wavelength range, a large fraction of the incident power is attenuated in
the P layer due to absorption as shown in Fig. 5.7. Therefore, a few photons arrive the
active n GaAs, resulting that a low response is observed in this range.

For the wavelength range of ~655 nm to ~875 nm (photon energy between 1.89

eV and 1.42 eV)

The incident power in this wavelength range can be transmitted to the junction
without being attenuated as shown in Fig. 5.7. This causes a large amount of the
electron-hole pairs to be generated and then collected as the photocurrent. Therefore,

the high photocurrent is observed.
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For the wavelengths longer than ~875 nm (photon energy less than 1.42 eV)

We cannot observe the spectral response in this range because of no

photogeneration in a whole structure

Structure Il P -Ga, Al, As/ P'-Ga, Al, ,As/ P'-Ga, Al ,As/ P'-

Ga, Al As/n -GaAs/n -GaAs heterojunction photodiode

The measured spectral response of Structure III as shown in Fig. 5.5¢ is
observed in a range of ~650 nm to ~875 nm, which is almost the same as that of
Structure II.. This observation is confirmed by the theoretical calculation result in
section 3.3. The discussion of this spectral response can be done as follows:

For wavelengths less than 650 nm (photon energy greater than 1.9 eV)

In this range, the energy of the incident photons is higher than the band gap energy of
the P+-Ga0_6A10_4As layer. Therefore, a great amount of light is absorbed in this layer
and generates the electron-hole pairs. However, only the carriers generated in the half

lower part of this layer can be drifted by the internal electric field (shown in Fig. 3.12)
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resulting in drift current in the P+—GaOA6A1044As in Fig. 3.19. However, some in the half
upper part would recombine before contributing to photocurrent.

For the wavelength range of ~650 nm to ~689 nm (photon energy between 1.9

eV and 1.8 eV)
The incident light in this wavelength range would be absorbed in the P-
Ga, ,Al,,As layer, resulting in the drift current shown in Fig. 3.19.

For the wavelength range of ~689 nm to ~743 nm (photon energy between 1.8

eV and 1.67 eV)
The incident light in this wavelength range would be absorbed in the P-
Ga, Al ,As layer, resulting in the drift current shown in Fig. 3.19.

For the wavelength range of ~743 nm to ~800 nm (photon energy between 1.67

eV and 1.55 eV)

The incident light in this wavelength range would be absorbed in the P-
Ga, ,Al, As layer, resulting in the drift current shown in Fig. 3.19.

As discussed in the case of Structures I and II, 1 um of four P'-GaAlAs layers
cannot absorb all photons of energy more than 1.55 eV. Therefore, some photons
arrive at the junction and generate the electron-hole pairs, conforming to the calculated
results of Fig. 3.18.

For the wavelength range of ~800 nm to ~875 nm (photon energy between 1.55

eV and 1.42 eV)

In this wavelength range of the incident light, photons would be absorbed in
the n- - GaAs active layer. The photogenerated carriers are drifted by the electric field,
resulting in the drift current in n - GaAs layer, conforming also to the early calculation

of Fig. 3.18.

For the wavelengths longer than ~875 nm (photon energy less than 1.42 eV)

In this range, the incident photon energy is less than the band gap energy of the

whole structure. Thus, there is no photoresponse in this range.
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CHAPTER 6

CONCLUSIONS

In this work, a study on the spectral response of GaAlAs/GaAs

heterojunction photodiodes has been done. Three different structures of heterojunction

photodiodes are fabricated by Liquid Phase Epitaxy (LPE) Technology. Constant band

gap of Ga Al ,As (1.674 eV) and Ga Al As (1.924 ¢V) and graded band gap of

Ga, Al ,As (1.924 eV)/Ga, Al ,As (1.8 eV)/Ga Al ,As (1.674 eV)/Ga ,Al, As

(1.55 eV) multilayers have been grown as the top layers of the photodiodes. The

experimental results and the calculated results are found in reasonable agreement. All

of the results can be concluded as follows.

l.

The wavelength range of the spectral response of the constant bandgap top
layer photodiode (Structures I and II) is determined by the bandgap
difference of the heterojunction materials.

The spectral response of the P+-Ga0_6A10_4As/ P+-Ga0_7Alo_3As/ P-
Gao_8A10_2AS/P+—GaO_9A10_1As/n_ -GaAs/n -GaAs heterojunction photodiode
(Structure III) is observed in the range between ~650 nm and ~875 nm,
similar to that of Ga,Al,,As top layer photodiodes (Structure II). This
result can be explained by considering the built-in electric field in the P’
Ga, Al As/Ga Al ,As/Ga Al ,As/Ga, Al {As multilayers. Unless there
is the built-in electric field in the P layer, the observed spectral response of
this ‘structure should be similar to that of the Gaj,Al;,As top layer
photodiode. This is because, in principle, the short wavelength cutoff of the
spectral response is established by the narrowest bandgap of the GaAlAs
top layer.

The P top layer of a photodiode plays two important roles.
The first one is to restrict the short wavelength cutoff of the spectral

response in the case of constant bandgap top layer photodiode whereas the



second one is to increase the sensitivity of a photodiode in a short
wavelengths range in the case of graded bandgap top layer photodiode.

The sensitivity of a photodiode can be increased not only by improving the
quality of the active layer but also by producing the graded bandgap P’ top

layer.

From the conclusions of this work, some suggestions for further work are given.

1.

In this work, a study on the spectral response of GaAlAs/GaAs
heterojunction photodiodes has been done. Anyway, the results from this
study can be applied in a heterojunction photodiode that is fabricated from
different semiconductor compounds.

With a suitable architectural design of window layer, high sensitivity
narrow bandwidth spectral response photodetectors can be realized, for
example, the inverse staircase emitter layer phototransistors.

In fact, in LPE, graded bandgap Ga, Al As layers can be grown by using
isothermal LPE techniques together with undersaturated solutions [11,12].
But, it was found very difficult to do in practice. Therefore, in this work we
grow the multilayer of Ga,_Al As in which the Al content is gradually
decreased layer by layer. Since the strength of the built-in electric field is
determined by the thickness of these layers, it is desirable to grow these P’
layers with the thickness as small as possible. Unfortunately, as mentioned
in chapter 4, the drawback of LPE technique is an inability to grow the
layer of thickness less than 0.1 pm. This is why the thickness of each layer
of Ga, Al As layers is fixed at 0.25 pm. Anyway, the growth techniques
such as Molecular Beam Epitaxy (MBE) and Metal-Organic Chemical
vapor Deposition (MOCVD) allow epitaxial layers to be grown one
monolayer at a time. Therefore, by these techniques, we can grow the

graded bandgap Ga, Al As P’ layers with great precision and the strength
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of the built-in electric field will be higher, leading to improved sensitivity
of a photodiode.

This study is very useful not only for photodiodes, but also for solar cell
work because the theory used here for heterojunction photodiode could
easily be extended to heterojunction solar cells. Anyway, the device
designs are fundamentally different because, for a photodiode, only a
narrow wavelength range centered at the optical signal wavelength is
important, whereas for a solar cell, high spectral response over a broad
solar wavelength range is required. Therefore, by the use of graded

bandgap top layer structure, high efficiency solar cells can be fabricated.
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Appendix

This research has been submitted to Proceeding of the 24" Conference of
Electrical Engineering, King Mongkut,s Institute of Technology Ladkrabang,

November, 21-23 2001. The submitted paper is presented as follows.
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Abstract

Three different stuctures of GaAlAs/GaAs Heterojunction
Photodiodes have been fabricated by Liquid Phase Epitaxy (LPE)
Technology with the constant band gap absorbing layer of 1.674 eV-and
1.924 eV and linear graded band gap of 1.924 to 1.55 eV. The constant
band gap structures apparently response to the incident photon whose
energy is in between of the surface layer and the active layer owing to
window effect. As a result, the corresponding photocurrent occur in the
range between ~725 nm and ~875 nm and between ~655 nm and ~875
nm in Ga, Al ,As and Ga Al ,As top layer photodiodes, respectively.
In the contrary, although Graded band gap GaAlAs top layer
photodiode can absorb the light energy between 1.924 to 1.55 eV, the

spectral response can be measured from ~650 nm to ~875 nm, similar to

that of Gay (Al ,As top layer photodiode but its sensitivity is lower. By
comparison with the theoretical calculation, this result can be explained
by considering that the photoexcited carriers in absorbing layers are

drifted through the junction by the built-in electric field

Keywords: GaAlAs/GaAs heterojunction, photodiode,

Liquid Phase Epitaxy, spectral response, graded band gap
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