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Abstract

Studies have been made on homojunction photodetectors fabricated on Bridgman-
grown monocrystalline p-type CulnSe; substrates by diffusion of indium. The essential
steps required to optimize the fabrication conditions were established.

Firstly, parameters such as quantum efficiency, junction depth, surface
recombination velocity, and minority carrier diffusion length are analyzed. Secondly, the
dark current-voltage characteristics of devices were measured. Some detector dark
current is only 80nA at 0.5V reverse bias. It was confirmed that the diffusion current and
recombination current are comparable in the dark current transport mechanism of the
CulnSe; homojunctions. Thirdly, the relationships between capacitance-voltage,
capacitance-frequency characteristics were also investigated. It was observed that at a
given voltage, the capacitance value decreased when the measuring frequency was
increased. This result confirmed that deep defects exist in the material. Fourthly, the
diffusion length of minority carriers was determined by the photocurrent and capacitance
method. The diffusion length is smaller than | micron. The quantum efficiency and
photoresponse were also measured. The maximum quantum efficiency of the detectors

was measured as high as 60%. The photodetector response time range from 14 ps to 21

us.



Résumé

Des études ont été effectuées sur des détecteurs photoélectriques d’homojonction
fabriqués sur les substrats monocristallins Bridgman-croissants du p-type CulnSe; par
diffusion de l'indium. Les étapes essentielles exigées pour optimaliser les conditions de
fabrication ont été établies.

Premiérement, des paramétres tels que l'efficacité de tranche de temps, la
profondeur de jonction, la vitesse de recombinaison extérieure, et la longueur de diffusion
de porteur de minorité sont analysés. Deuxiémement, les caractéristiques courant-tension
foncées des dispositifs ont été mesurées. Un certain courant foncé de détecteur est
seulement 80nA 0.5V a la polarisation d'inversion. On a confirmé que le courant de
diffusion et le courant de recombinaison sont comparables pour le mécanisme de
transport de courant foncé CulnSe, des homojonctions. Troisiémement, les rapports entre
la capacité-tension, caractéristiques de capacité-fréquence ont été également étudiés. On a
observé qu'a une tension donnée, la valeur de capacité diminuée quand la fréquence de
mesure a été augmentée. Ce résultat a confirmé que des défauts profonds existent dans le
matériel. Quatriémement, la longueur de diffusion des porteurs de minorité a été
déterminée par la méthode de photocurant et de capacité. La longueur de diffusion est
plus petite que 1 micron. L'efficacité et le photoreponse de tranche de temps ont été aussi
mesurés. L'efficacité maximum de tranche de temps des détecteurs a €té mesurée aussi

haut que 60%. L'intervalle de temps de réponse de détecteur photoélectrique de 14 ps a

21 ps.
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Chapter 1

Introduction

1.1 Motivation

Photodetectors play an important role in optical-fiber communication systems
operated in the near-infrared region (0.8 to 1.6 um). Photodetectors are semiconductor
devices that can detect optical signals through the absorption of photons, which changes
the electronic properties of the devices. The absorption of photons can lead to the
generation of a photocurrent in a photoconductor or a photovoltage in a photovoltaic
detector. Copper indium diselenium (CulnSe;) is a direct band-gap ternary semiconductor
with a chalcopyrite structure. It is useful for several potential applications such as light-
emitting diodes [1.1] and photovoltaic solar cells [1.2-6].

Extensive studies have been made on this material both from the fundamental as
well as applications points of view. In the visible range, CulnSe; has extremely high
optical absorption coefficients with the value of about 4x10° cm™ [1.7], so that most of
the incident light is absorbed within a micrometer or so of the surface. Thus, the amount
of material required to fabricate CulnSe,-based cells is small. Junction devices based on
CulnSe; have good stability [1.8]. No evidence for long- or short-term device degradation
is observed [1.9] in these devices as has been found in amorphous silicon (o-Si)
counterparts [1.10]. In addition, the wavelength of 1.2 um corresponds to the direct band
gap of 1.01 eV [1.11] and i1s within a spectral region under intense investigation. Ternary
chalcopyrite materials have shown considerable technological promise in a variety of
optoelectronic device applications, ranging from visible to infrared photodetectors.

CulnSe, has the chalcopyrite crystal structure as shown in Figure [.1. The
chalcopyrite structure can be viewed as two interpenetrating fcc sub-lattices with an
ordered array of I-III atomic positions (cations) on one sub-lattice and the group VI atoms
(anions) on the other. Both n-type and p-type crystals can be prepared from melts with
stoichiometric starting proportions of the elements. In general, the material crystallizes

into n-type semiconductor. With a sufficient excess of selenium or copper, the ingot is p-



type and with an excess of indium the ingot is n-type. Doping can also change the
conductivity type of CulnSe,. When a large amount of indium is evaporated onto p-type
crystals and annealed, an n” layer will result.

Unlike heterojunctions, a homojunction has no lattice matching problem and the
interfacial states is minimum. Thus, the leakage current is small. The other advantage of
homojunctions is that the fabrication process is simple compared to that of
heterojunctions.

Pertinent physical and electrical data on the temary CulnSe; are summarized in

Table I.

Table 1. Properties of CulnSe, material at room temperature.

- v — - - -
Material | Eg (eV) Transition | Dielectric Lattice constants (A ) Electron
constant affinity (eV)
a c
CulnSe; | 1.01-1.04 Direct 10 5.782 11.62 4.58

1.2 Literature survey

The use of CulnSe, compound semiconductor for tandem solar cell applications
has been reported recent by C. H. Champness [1.12]. Both p-type and n-type conducting
CulnSe; single crystals can be grown by a suitable choice of growth conditions.

For PV applications, solar cells of CulnSe; are based on a heterojunction structure
with CdS, CdZnS, or ZnO as window layers. In 1975 a monocrystalline cell in the form
CulnSe; (p)/CdS (n) with an energy conversion efficiency of 12% has been fabricated by
Shay et al [1.13]. The lattice mismatch between CulnSe; and CdS (or (Cd(Zn)S) was
found to be small, minimizing interfacial states [1.14]. Epitaxial CulnSe; films were also
reported by Grindle et al. [1.15}.

Polycrystalline CulnSe, -based thin film photovoltaic cells with a conversion
efficiency over 14% have been successfully fabricated recently [1.16]. These thin film
cells have good stability. Because of these characteristics, CulnSe; has been considered
as one of the most promising candidates for terrestrial solar cell application. Solar cells of

Cu(In,Ga)Se; have achieved the highest efficiencies on the laboratory scale as well as on



the level of large-area modules among the polycrystalline devices. Several technologies
for fabrication of high efficiencies CulnSe; solar cells (>16%) have been realized by
different groups [1.17-18], some have achieved a certain degree of maturity. Commercial
production of Cu(In,Ga)Se:-based cells is on its way at several places [1.19-20].
Furthermore, Cu(In,Ga)Se; thin-film modules show excellent outdoor stability [1.8] and
radiation hardness [1.21-22].

Apart from CulnSe; heterojunctions, homojunctions of CulnSe; were also
reported by several workers [1.23-25]. Yu et al. [1.23] reported the formation of a
CulnSe; p-n homojunction by diffusion of cadmium into p-type CulnSe,. The CulnSe;
single crystals used were prepared by a melt-grown method. P-type single crystals with
flat as-grown (112) surfaces were chosen for substrates. The substrates were etched with
a hot solution of HCI:HNO; (1:1) before the Cd diffusion. The diffusion was carried out
with the substrate placed at one end of an evacuated quartz ampoule and with Cd metal
shots placed at the other end. The quartz ampoule was then heated at 400 °C for 6-8
minutes. The substrate was then made into a mesa structure by etching the substrate in a
hot solution of HCI:HNOs (1:1) with the n layer protected by wax. Au was sputtered onto
the p side and In-Sn to the n sides to form ohmic contacts with the CulnSe;. A quantum
efficiency of 35-40 % in the wavelength region 0.9-1.2 um was observed in these cells.
Yu et al also reported the formation of CulnSe; junctions by ion implantation [1.24]. A
quantum efficiency of 60-70 % in the wavelength region 0.7-1.1 um was reported.

Tell et al. [1.25] reported the formation p-n homojunctions by annealing Zn-, Cd-
and Cu-plated p-type CulnSe, samples at temperatures from 200-450 °C. A zone-melting
technique was used to grow their CulnSe; single crystals. Some of the as-frown slices
were annealed in saturated Se vapor before the junction formation. This procedure
resulted in junctions with uniform depth after diffusion. P-type slices up to | mm thick
were etched in HCI:HNOQOs (1:1) solution. Junctions were formed by plating the etched
surfaces with Zn or Cd from cyanide solutions or Cu from a Cu;SO4+HNO; solution and
then by annealing and quenching to room temperatures in evacuated quartz ampoules.
Junctions were formed with various combinations of annealing times and temperatures.

The ohmic contact to the p-CulnSe, was provided by plating Au; while for the n diffusion



region, it was provided using Zn, Cd, or Cu. A maximum quantum efficiency of less than

48 % at the wavelength 1.1 um was reported.

1.3 Previous work on monocrystalline CulnSe; carried out at McGill

In our laboratory, extensive efforts have been made to obtain good quality single
crystals in order to study their properties. The samples used in the present work were
obtained from ingots grown by Mr. Vahid Shahidi and Dr. Lap Sum Yip (McGill
University, Montreal, Canada) using the horizontal Bridgman method.

The CulnSe; single crystals were prepared from the element materials of Cu (6
9’s), In (5 9’s), and Se (5 9’s) in a high purity pellet form. The Cu pellets were etched
with diluted HNO; and In with diluted HCI to remove thin oxide layers on the surfaces.
These were then rinsed with DI water followed by alcohol. The Se pellets were used
either as-received or rinsed with water and alcohol. After this cleaning process, the
ampoule which was specially shaped and has been cleaned was quickly charged with the
starting materials weighted in stoichiometric proportions. The ampoule was evacuated to
a pressure of about 10° to 10 torr and sealed. The ampoule was then connected to a
quartz rod, which, in turn, was fixed onto a horizontal pulling mechanism for the growth
experiment. A schematic diagram of the experimental set-up is shown in figure 1.2. The
temperature was initially raised slowly, at a rate of about 20 °C/hr, to allow the
exothermic heat of reaction between the elements to dissipate. Following this reaction
stage the temperature was raised to 1100 °C and the melt was mixed by rotating the
ampoule for several hours. The ampoule was then slowly moved at 1-10 mm/hr through a
stable temperature gradient, 10 °C/cm, from temperatures above melting point of CulnSe;
(986 °C) to below the melting point to allow the melt to freeze from one end into a solid
form. When the entire ampoule was below 700 °C, it was cooled to room temperature at a
rate of 50 °C/hr. Using this procedure, ingots containing large p-type CulnSe; grains
from several millimeters to up 2 centimeters a side were routinely obtained.

In addition to the growth of single crystal CulnSe;, much work has been done on
the monocrystalline CulnSe; in our lab. C. L. Chan studied the Al/p-CulnSe; tunnel MIS
Schottky diodes and surface properties (1989). Dr. L. S. Yip studied the Al-Y,0s-
CulnSe; structures (1989). Dr. A. L. Li investigated the deep energy levels in



monocrystalline CulnSe> (1991). L. Li measured the electron diffusion length in
CdS/CulnSe, solar cells (1993). Dr. C. X. Qiu characterized the ZnO/CulnSe;
heterojunctions and CulnSe; homojunctions (1985). Most of the above work was on
heterojunction devices of CulnSe,. Dr. C. X. Qiu also studied homojunctions in indium-
diffused CulnSe, single crystals (1985). However, the junction depth in her devices was

large, and the devices were not suitable for photodetectors applications.

1.4 Thesis contribution and outline

The chalcopyrite CulnSe; semiconductor with a direct band gap, E; = 1.0 eV, at
room temperature appears to be well suited for optoelectronic devices [1.26] and
photovoltaic solar cells [1.27]. In recent years, many papers devoted to the investigation
of the p-n homo- and hetero-junctions made with CulnSe; have been published [1.27-28].
However, littie work has been reported on the studies of the CulnSe; homojunction
photodetectors. The main reason for this is the difficuity in getting CulnSe; single
crystals with uniform composition and good quality sallow p-n junctions. The purpose of
this work is to study the properties of CulnSe; p-n homojunction as a photodetectors.

Although quantum efficiencies of CuinSe, homojunctions have been reported
previously, very limited information was given on the bandwidth of the CulnSe;
homojunctions [1.29]. In this work, CulnSe; homojunctions have been fabricated on
monocrystaliine substrates and the results obtained are reported.

The remainder of the thesis is organized as follows:

Chapter 2 describes the theory of homojunction photodiode and device fabrication
processes. It includes a brief description of photovoltaic effect, photocurrent-voltage
characteristics of p-n junctions, quantum efficiency, and the photodiode response time. In
the last part of this chapter, sample preparation and device fabrication procedures are
discussed in detail. Dark current-voltage characteristics of the devices are described in
chapter 3. In chapter 4, results on capacitance-voltage characteristics are presented.
Chapter 5 describes the results from minority carrier diffusion length measurements. In
chapter 6, measurement results of the quantum efficiency and bandwidth of the
photodiodes are presented. Chapter 7 concludes this work and points out possible further

work.
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Figure 1.2 A schematic drawing of the crystal growth system.



Chapter 2

Theory and Device Fabrication

Photodetectors are used in equipment ranging from optical fiber communication
systems to consumer electronics. The operation of photodetectors is based on the
absorption of photons, which changes the electric properties of the electronic system. It
includes the generation of a photocurrent in a photoconductor or a photovoltage in a
photovoltaic detector. The performance of a photodetector depends on the optical
absorption process, the carrier transport, and the interaction with external circuits.

In this chapter, my focus is on the understanding of the physical processes of the
carrier generation and transport. The relationships between the optical power and the
photocurrent, junction depth and quantum efficiency were derived. Finally, the concept of

noise in a photodetector is also discussed.

2.1 Theory of a p-n homojunction photodiode
2.1.1 Photovoltaic effect

In this section a brief review of the photovoltaic effect in semiconductor
homojunctions was given. Major processes and mechanisms that control junction currents
are also described.

The photovoltaic effect involves the interaction of light with solid state materials.
First, we consider optical absorption process in a semiconductor. There are several
optical absorption processes: fundamental absorption, free carrier absorption, and
impurity level absorption, et al. The amount of optical power absorption is expressed by
by Lambert’s law [2.1],

I =I,exp(-a,x) (2.1)
where [/ is the light intensity, Ip is the intensity of the incident beam, x indicates the
distance, and @y is the absorption coefficient (in cm’'). This coefficient varies with the

light wavelength. The inverse of the absorption coefficient is called the absorption length



(or the penetration depth). At the absorption length, the light intensity has decreased to
1/e of the intensity of the incident light [substituting x = /¢, in Eq. (2.1)].

Among the optical absorption processes, the fundamental absorption
corresponding to the excitation of electrons from the valence band to the conduction band
is dominant. Consequently, when the semiconductor is illuminated, light having an
energy greater than the band-gap of the semiconductor is absorbed and that having an
energy less than the band-gap will be allowed to pass through the semiconductor without
being absorbed. At energies near the absorption edge, the absorption coefficient is
expressed as: [2.2]

Oc < (hv—E)"* (22)
for direct transition. and

aC'/in o< (h V- Ex i- Ephmum )”: (2-3)

for indirect transition. Here A v is the energy of the incident photons, Epjonon is the phonon
energy related to the indirect transition and E, is the band-gap energy. As seen from Egs.
(2.2) and (2.3), the absorption coefficient near the absorption edge increases more rapidly
in direct band-gap semiconductors than in indirect band-gap semiconductors. At the
absorption edge, the absorption coefficient is small because the density of states in the
conduction band is low. As the photon energy increases, electrons can be excited to a
higher energy level in the conduction band, at which the density of states is larger. Thus,
the absorption coefficient increases exponentially with the increase of energy and tends to
saturate. The transition probability in the optical excitation processes is higher in direct
band-gap semiconductors than in indirect ones because indirect transition is impossible
without a change in the momentum. In an indirect semiconductor, the transition can be
accomplished by means of phonon emission or absorption. Figure 2.1 shows the variation
of absorption coefficients of several semiconductor materials with photon energy [2.3].
Both CulnSe; and CdTe are direct band-gap materials, with abrupt transition of
absorption coefficients. On the other hand, monocrystalline Si is an indirect band-gap

material with a gradual variation of absorption coefficient.



Absorption due to impurity levels also occurs in semiconductors. This includes
conduction band to acceptor level, donor level to valence band, and impurity level to
impurity level transitions. In additions, absorption due to free carriers may occur.

The total absorption coefficient is the sum of the coefficient components arising
from the above-described different absorption processes:

a,=0q +ta,+a, (2.4)

where acv, ¢, and ¢ are respectively the coefficients of absorption related to valence
band to conduction band absorption, impurity level absorption, free carrier absorption.

The photovoltaic effect in semiconductors requires the presence of an internal
junction electric field. Hence, it is most often associated with junctions in the
semiconductor materials, which act to separate carriers generated by absorption of light.
The separation of charges converts the optical power into electric power. When light is
incident on a p-n junction, the photo-generated electrons and the holes are separated by
the electrical field at the p-n junction, without any external electric bias, to generate an
electromotive force between the p- and n-sides. In term of the photovoiltaic effect, there is
no basic difference between a p-n homojunction and a p-n heterojunction.

As stated before, a homojunction is a junction formed between two portions of the
same semiconductor material. An energy band diagram of homojunction is given in
Figure 2.2, where the vacuum level has been included for reference. The electron affinity,
X and the band gap, Eg, are the same on both sides of the junction. The diffusion
voltage, Vp, also called the built-in voltage, is resulted from the transfer of charges
between n- and p-type portions in order to maintain constant Fermi level across the
junction. The diffusion voltage is thus given by the difference between the Fermi energies
in the n- and p-type portions far from the junction.

Electron-hole pairs in photodiodes or photovoltaic devices produced by the
incident light are driven to drift separated in opposite directions at the p-n junction to

result in a photocurrent, which is an electrical output.

2.1.2 Quantum efficiency
To realize the optimum performance of a device, we must take into account the

actual transport mechanisms of carriers at the junction, the presence of surface



recombination, the effect of drift fields and the contribution to the current from regions
with different properties. The quantum efficiency, 1, is one of the important parameters
for a photodetector. We describe factors which affect the quantum efficiency of a
photodiode. For simplicity, we will consider the case of a one-dimensional abrupt
Jjunction using classical approximations but not to compute the exact quantum efficiency
for a particular structure.

The quantum efficiency, 4, of a photodiode is defined as:

_ number of electron—hole pairs contributing to photo —induced current

. number of incident photons
J,,1q
SO =L 2.5
Ton =B Thy 2:3)

mnc

where the I and the Py, are the photo-induced current and the incident optical power.
[2.4]

The one-dimensional photodiode model is shown in Figure 2.3 for with an abrupt
junction where the space charge of width w around the metallographic junction boundary
at x = 1. Hence, the two quasineutral regions (0, x,) and (x,+w, t+d) are homogeneously
doped. The photocurrent comprises the drift current originated from the photo-induced
carriers within the depletion region and the diffusion current due to the minority carriers
generated within their diffusion lengths from the edge of the depletion region. When light
of wavelength A is incident on the surface of a semiconductor, the generation rate of
electron-hole pairs as a function of distance x from the surface is [2.5]

G(4) = a(A)p(A)[1 - R(A)]lexp[-a(4)x] (2.6)
where A is the wavelength of the incident light, ¢(4) is the number of incident photons

per square centimeter per second per unit bandwidth, and R is the number of photons
reflected from the surface. The photocurrent produced by these carriers and the spectral
response can be determined for low-injection levels by using the minority carrier

continuity equations and appropriate boundary conditions.

10



The minority carrier continuity equations are

1 dJ,

p _pnO
~G,+8"F0 o (27
q dx g T -1

p

for holes in the n-type materials, and

n,—n
14, -G, ++—2=0 (2.8)
q dx 7,
for electrons in the p-type materials. The hole and electron currents are
dp,
J,=qu,p,E-qD, - (2.9)
dn,

J = E+qD 2.10
= qun B tq " (2.10)

respectively, where E is the electric field, p, and n, are the photogenerated minority
carrier densities, pno and ny, are the minority carrier densities in equilibrium in the dark.
L, and L, are the electron and hole diffusion length, respectively; D, and D, are the
electron and hole diffusion coefficient, respectively.

In our one dimensional model, the two sides of the junction are uniformly doped,
so that no electric fields exist outside the depletion region. For the hole equations (2.6)

and (2.8), there are two boundary conditions; at the surface where recombination occurs:

d(p, = P,o)
DP‘%—=SD(pI"p"0) at I=O
pn‘[)"0=0 at x=xn'

Considering a uniformly doped p-n junction, the hole photocurrent density per unit

bandwidth collected at the junction edge (x=x,)from the top layer for a given

wavelength is
J, = [w}x
a'L, -1
ks,L,/D,)+al,]-exp-ox,)l(S,L, /D, )cosh(x, / L) +sinh(x, / L,)]
(S,L,/D,)sinh(x, /L, )+cosh(x, / L,)
-oL, exp(-ox, )

2.11)

1



It should be noted that the effect of surface recombination has been included in the above

expression through the surface recombination velocity term §, .

The boundary conditions for the electron current are

n,—-n,=0 at x=x, +W
d(n, —n,)
n-—dx——=—S,,(n,,—npo) at x=t+d

The electron photocurrent density at the junction edge from the base layer of the
cell 1s
_q9(-RaL,
" a’L] -1
B (S,L,/D,)cosh[(t +d —x,-W)/ L, ]-expl-a(t +d —x, ~W)]
" (S,L,/D,)sinh[(t+d —x, —W)/L, 1+cosh[(t+d —x, -W)/L ]

N sinh[(t +d —x, -W)/L 1+al exp[-a(t+d —x, —W)]
(S,L,/D,)sinh[(t+d—x, —W)/L ]+cosh[(t+d—-x -W)/L,]

J exp[— a(x, + W)]

(2.12)

where S is the surface recombination velocity on the back side of the photodetector.

The photocurrent collected from the depletion region is given by
J & = q9(1- R)exp(-ax,)[1 —exp(-aW)] (2.13)
It is assumed that the electric field in the depletion region is high enough so that
the photogenerated carriers are accelerated out of the region before recombination occurs.
The total short-circuit photocurrent density at a wavelength A is then

J=J,+J,+J, (214)

Next, the conditions under which the maximum quantum efficiency is achieved in
homojunction photodiodes and the corresponding junction depth are determined.

Three regions contribute to the photodiode quantum efficiency: two neutral
regions of different conduction types and the space charge region. Substituting Eq. (2.5)
into Egs. (2.11), (2.12), and (2.13), thus:

n=n,+tnp,+tn, (2.15)
(=R, [of, +y, —expCax Nrch(r, /L) +shs, I L))oy oo
L -1 vish(x, I L,)+ch(x,/L,)
(2.16)



_ (1-R)aL, exp[-a(x, +w)]
a’l; -1

m,

(y: —O.'L( )e-a(H'd—l',‘w) _sh—-"____ - }llch-—-—_ll:.j_ (2.17)

Y.shl(t+d—x, -w)/ L, }+chl(t+d —x, —w)/L,]

Nog = (1= R)fexp(-axx,) —exp[-a(x, +w)]} (2.18)
where y,=S,Li/Dy, Y2=SyLn/ Dy,

In the following, we shall consider the internal quantum efficiency neglecting the
losses due to reflection of the radiation from the illuminated photodiode surface.

To obtain a high photodiode quantum efficiency, it is required to have a thin
illuminated region so that the generated carriers may reach the junction potential barrier
by diffusion. We shall estimate the junction depth vs. quantum efficiency. Let us consider
two cases: (1) the surface recombination velocity is zero (s;=0) and (2) the surface
recombination velocity is high (s; = 10 m/sec), and (s; = 100 m/sec). The caiculation will
be based on equations (2.15) to (2.18) for a typical absorption coefficient of 2x10° m™.
Let us further assume the doping of both sides of the junction to be equal, # = 30 cm?’/V-
sec, and the diffusion length L, = L, = 1 pm. The width of the abrupt junction depletion
width is assumed to be w = 0.5 um.

In Figure 2.4, the variation of quantum efficiency of the CulnSe; photodiode with
the normalized thickness of the illuminated junction region /Ly of the p-type region is
given. From Figure 2.4 we can see that the total quantum efficiency attains its maximum
at t = 0.3 L, for s; = 0. That maximum shifts towards smaller ¢ values as the surface
recombination velocity s, is increased. All the above considerations relate to a classical
photodiode with a thick p-type region (d = ).

The optimum junction depth at which the greatest photodiode sensitivity obtained
is also depended on the surface recombination velocity. For s, = O the depth of the
junction must be very small. When s; increases, the optimum junction depth also
increases.

It remains to be determined if the conclusions on the symmetric junctions with

thick quasineutral p-type region hold for non-symmetric p*-n (n*-p) type junctions, for
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which greater quantum efficiency values can be obtained. It can be seen that they hold
indeed. In p*-n (n*-p) structures, the concentrations of impurities on the p*(n*) type side
are high (>10” m™). This indicates that illumination of the p*-n (n*-p) junction from the
p'(n) side, the thickness of the illuminated junction region must be small to eliminate

absorption of radiation by free carriers.

2.1.3 Photodiode response time

Photodiodes are often used in optical fiber communication systems and data links.
In such applications, the important characteristics other than high quantum efficiency are
frequency response.

Let us first consider the equivalent circuit of the p-n junction as shown in Figure

2.5, where the light-generated current [, is represented by a constant current source. It

consists of a junction capacitance C, a shunt resistance R,;, and a series resistance R;. R,
is a load resistance [2.6-2.8].

The frequency response of a photodiode is mainly limited by the time needed for
the photo-induced carriers to cross the depletion region (transit time) and by the RC-time

constant, which is the product of capacitance and resistance in the bias circuit.

RC-time constant

The limitation of frequency response due to the RC-time constant is a common
problem in photodiodes. The depletion layer acts as a capacitor (junction capacitance).
Under reverse bias, the junction capacitance, C;, can be expressed as

C, =€V, (2.19)
where W; is the thickness of the depletion layer.

For input light modulated in a rectangular fashion is allowed to incident, both
current pulses and voltage pulses are generated at the load resistance, R;. The rise time
and fall time are determined by the time constant, C; (R + R.). For a high frequency

photodiode, the series resistance must be as small as possible (usually less than 10 £).
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Transit time within the depletion layer

The transit time, which is the time required for photo-induced carriers to cross the
depletion region, is determined by drift velocity of the photo-induced carriers and the
width of depletion layer. The drift velocity is proportional to the mobility of the carriers
and the magnitude of the electrical field. In sufficiently high fields at high reverse
voltages, the drift velocity of electrons and holes approached a scattering-limited value
and becomes constant. The constant drift velocity is called the saturation velocity, vgs.
The transit time ¢ is equal to Wi/vg. Thus, the frequency corresponds to the conditions
when the magnitude decreases by 2% defines the cutoff frequency, f ..., which is given
as

fi, =28/2m,_=04/1, (2.20)

It is noted that the cutoff frequency determined by the RC time constant is often lower

than the transit time.
2.1.4 Noise mechanisms in photodiodes and receiver sensitivity

Quantum noise and thermal noise

Noise is an important factor when photodiodes are used as receivers in equipment
such as optical fiber communication systems and data links. The noise in photodiodes
consists of quantum noise (or shot noise) and thermal noise (or Johnson noise or Nyquist
noise) and often limits the performance of the equipment and systems. The shot noise is
the main noise in photodiodes and is induced the photo-induced carriers and incident
photons as particles. The thermal noise is generated in the resistor connected to the
photodiode and is caused by the random thermal motion of carriers.

The photodiode generates a photocurrent when incident photons are absorbed.
The motion of the generated carriers is also relatively random and these contribute to the
photocurrent. Consequently, a fluctuation due to the random motion and independent
generation of the carriers is created. The mean-square shot noise current in the frequency

range between f and (f + Af) is given by the following equation: [2.9-10]

2 =2qIaF  (2:21)
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where I is the total current. The shot noise is almost independent of frequency (white
noise).

The Johnson noise originates from the random motion of carriers with average
thermal energy (3/2)kgT in a resistor at temperature 7. This random motion produces a
noise current in the load resistance, and the corresponding noise voltage across the load
resistance introduces a noise current to the photodiode biasing circuit. The mean-square
Johnson noise current within the bandwidth, By ( = Af), is given by the following

equation:

il =4k,TB,, IR, (2.22)

where R.q is the total equivalent resistance. The mean-square Johnson noise current,
inversely proportional to the resistance, is also a white noise.

Both the shot noise and Johnson noise are white noises and are independent of the
frequency. At frequencies lower than 1 kHz, 1/f noise (or flicker notse) increases and

becomes dominant as frequency decreases further.

Signal-to-noise (power) ratio and receiver sensitivity

The signal-to noise power ratio (SNR) is an important characteristic in

photodetectors. If the total signal power is given by R.qi ﬁ,,_"g and the total noise power is

R., (i} +i. ). the signal-to-noise power ratio is given by

.2

— -
S, IN, =i}  Mii+id)=— P (2.23
rms rms ph-sig ( sh Jn) 2qIBbw +4kBTBbw/th )

where the subscript, rms, denotes root mean square. The signal-to-noise ratio (SNR) is
related to sensitivity. The sensitivity of a photodetector is often expressed as noise
equivalent power (NEP). The NEP is the input rms optical power per unit bandwidth at
which the photocurrent is equal to the noise current and corresponds to the minimum
input optical power detectable at (S/N)ms=1. The performance of the photodiode is
inversely related to the NEP. NEP depends on bandwidth. For an entire measurement

bandwidth, the optical power required to produce a SNR of unity is [2.10],
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P =NEP\[B,  (224)
We often use another figure of merit, detectivity D*, to determine the ultimate detection
limit. D* is given by
D*= —‘/;A—E—B—”;"-(cm HZ' W) (2.25)
where A is the area of the photodetector on which light is incident. Reducing the

photodetector dark current is important as NEP and D* also decrease.

2.2 Sample preparation and device fabrication

In the present work, Bridgman grown p-type CulnSe; single crystals were used as
the substrates to fabricate photodetectors. The CulnSe; photodetectors have a n*-p
structure, where the n’-type layer was formed by indium diffusion. The fabrication
processes employed during this work are illustrated in Figure 2.6 in a block diagram

form.
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Section an ingot and mount substrates on the polishing jig

1

Grind and polish the sample surface

v

Etch samples in chemical solution

Y

Evaporates In
(front-contact)

!

Diffuse indium in vacuum ampoule to
produce n*-p junction

1

Bond a gold wire on the In

Y

Etch exposed indium

Y

Apply silver paste do back

v

Mount device on carrier

Figure 2.6 Basic fabrication steps for In-diffused CulnSe; homojunction photodetectors.

The fabrication steps and conditions are described below.

2.2.1 Preparation of substrates
The main steps to polish the substrate are described as follows:
e Cleave the sample to get specimens.
e Attach the specimens on a plexi-glass holder (see Figure 2.7). Grind the specimens

with a 600-gnit silicon carbide paper, mounted on a rotating polishing wheel, until the
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sample and the holder are at the same level. Dimensions of particles of the 600-grit
silicon carbide are about 15 microns. Rinse the specimen and holder with DI water
and dry them.

Do coarse polishing of the specimen surface with an abrasive of 6 um diameter diamond
powder. Figure 2.8 shows a schematic diagram of the polishing machine and polishing
holder. Apply Kerosene (about 1.5~2 cm® liquid) as lubricant for the diamond abrasive.
Perform the polishing in the two cross directions, each direction for a period of 3-5
minutes. Before changing the polishing direction, check the sample surface and make
sure no cross scratches on it. After changing the polishing direction several times, rotate
the sample in a circular manner with the sample still on the polishing cloth for 3-5
minutes. The total polishing time required is decided by the polishing wheel speed,
applied force, and the amount of polishing powder. Typical polishing time used in this
work ranges from 20 to 30 minutes. Note that it is important to ensure no clear scratch
trace on the specimen surface. Wash the specimen and holder with DI water and wind
dry.

Continue the polishing using 1 um diameter diamond abrasive, again in the two cross
directions. Each direction for a period of 3-5 minutes and check the polishing surface,
then change the polishing direction. After changing the polishing directions several
times, rotate the sample in a circular manner on the polishing cloth for 3-5 minutes. The
polishing time using | um diameter diamond abrasive is also decided by the polishing
wheel speed, add force, the amount of polishing powder. When no clear scratch trace on
the sample surface is visible, we can stop this step. After this, wash the specimen and
holder and dry them.

Polish on a felt polishing cloth with 0.05 um diameter alumina powder for another 20
minutes. Polish in the two cross directions. Each direction for a period of 5 minutes.
Rotate the sample in a circular manner on the polishing cloth for 5 minutes. Make
sure no clear scratch trace on the sample surface. After the polishing, the surface

should be mirror-like with no visible scratches. Rinse the sample with DI water.

The purpose of the above-described polishing is to provide a smooth, spectacular surface

on which device features can be photoengraved. To insure achievement of such surfaces,
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one must have a clear understanding of each specific stage. In the following, I will explain
the above steps in detail.

While slicing, grinding, coarse polishing, and fine polishing procedures are rather
standardized in industrial polishing, the polishing procedures and conditions may vary
considerably from lab to lab. Slicing is particularly important because it determines the
specimens surface orientation and thickness.

To prepare substrates in the present work, the ingot grown by the horizontal
Bridgman method is cut into 1 mm thick pieces, without specific orientation control. The
other method used is to break the ingot and get some cleavage surface of single crystal.
Then the back surface parallel to the cleaved surface is polished. These two methods never
select specific crystal orientation. The ingot grown by the Bridgman method contains single
crystal grains, with a length of about 5 cm and a diameter of 1.5 cm. Some large single
crystal grains are present at the leading portion of the ingot, sometimes in the middle
portion. The occurrence of single crystal cleavage surface is random but not always
perpendicular to the ingot axis. Due to the lengthy crystal growth process, limited number
of single crystal substrates was available. The selection of substrates with designated
orientations appeared to be difficult. Therefore, substrates with random orientations were
used in this work. Previous results from our laboratory on single crystal photodetectors
suggested that the effect of orientation on device performance was not obvious [2.11-
2.12]. Between these two methods, the last one was observed to yield cleavage surfaces for
the fabrication of detectors. A pair of tweezers was used to induce shock to the ingot to
obtain cleavage pieces. When the cutting method was used the yield of obtaining samples

with large grains is low.

Grinding

The grinding produces a flat surface, which is required for the subsequent
polishing. Employing polishing particles with a large diameter can shorten the polishing
time but create deep scratches. As CulnSe; material is quite brittle, silicon carbide

powder with a size of 600-grit was used for the grinding.
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Polishing

Polishing is one of the important steps in the preparation of specimens for device
fabrication. It consists of covering a polishing wheel with a suitable cloth, applying an
appropriate polishing media and lubricant, and polishing until all traces of the prior surface
finish are removed. The purpose of the polishing is to remove the grinding scratches and the
heavily deformed layer brought about by the grinding procedures. The polishing includes a

coarse polishing step and a final polishing step.

Coarse polishing
This stage may be considered the most important in the entire preparation procedure.
The nature of the abrasive type employed is important. In our lab oratory, we employ 6 ptm

and | um diamond powder to perform the coarse polishing.

Abrasives

A sufficiently coarse abrasive should be used in order to complete this stage in a
minimum time. However, the selection of abrasive is greatly dependent upon the particle
sizes and material types to be used in subsequent operations.

Diamond abrasives have the properties of high hardness, inertness and low
coefficient of friction. Diamond particles retain their shapes and size during polishing and
produce a uniform and high material removal rate with minimal surface damage.

Diameters of particles in general use are in the range of 0-10 microns. The 6 micrometers
classification will produce a high removal rate for most materiais. A sharp decrease in
removal rates under similar conditions is expected when diamond powder with smaller size

is used.

Suspension medium

The suspension medium for diamond powders is also important as it provides
particle suspension, contributes to lubrication, and removal rate. Some adjustments in
viscosity of the medium must be made for various particle sizes to compensate for possible

drastic charges in heat generation.



Kerosene provides superior lubrication and removal rates in comparison to slurry
suspensions. The reason is due to the fact that the particles are uniformly dispersed and held
in a definite suspension. The paste-like material facilitates convenient charging of the
polishing cloth surface and the addition of an extender contributes to even particle

distribution.

Polishing cloths

Red felt cloth was used during the coarse polishing. Red felt can be used in many
applications. It is best suited when used with an intermediate diamond compound (6 um and
I um diameter). It is hard, durable and can be used on a wide variety of materials. Lecloth
cloth was used to do the final polishing. The Lecloth one is the most versatile polishing
cloth. It has a medium nap that is excellent for final polishing.

When using diamond abrasives, improved removal rates are encouraged by low
viscosity oil extenders. The cloth should always show a slight excess of vehicle to insure
good lubricity and swarf removal. The removal rates are decided by the speed of polishing

plate, particle size, and add pressure.

Final polishing

Alumina exists in two allotropic forms: (1) alpha, which has a hexagonal crystal
structure, and (2) gamma, which has a cubic crystal structure. The polishing characteristics
of each differ in that alpha alumina removes metal faster and is more suitable for rough
polishing. The gamma alumina has slower metal removal rates but produces a better finish
and is usually reserved for the final polish. Alumina is available in three types of dispersion:
(1} in a dry powder form, (2) in a suspension form, and (3) in an atomized container. Any of
the three perform equally, but the dry alumina is least expensive. Whichever is used, the
polishing cloth is wetted first before adding the aluimna. If dry alumina is used, a slurry is
applied on the polishing wheel by mixing water and alumina. In this work, a suspension
form is found to be better.

As previously stated, the final polishing stage serves to remove any deformation
zone resulted from coarse polishing. Here, a uniformly polished and scratch-free surface

must be produced by controlling the polishing plate speed, particle size, and add pressure.
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Polishing time

In a previous work [2.12], about 30 to 45 minutes of polishing was needed for
each step and only one substrate was mounted in a sample holder for each polishing run.
Later Dr. Lam [2.13] found that up to six CulnSe; substrates could be mounted onto the
same sample holder and polished at the same time. Furthermore, the polishing time was
reduced from 30 minutes to IS minutes for each polishing step. In this work, it was
discovered that polishing time is mainly decided by the speed of polishing plate, particle
size, and the applied pressure.

As our polishing is achieved manually, the applied pressure is not controiled
precisely. By examining the polishing surface, one can determine the required time to obtain

flat surfaces.

Ultrasonic cleaning for CulnSe; substrates

Like in the cleaning process for Si, some workers use ultrasonic cleaning to clean
samples in trichloroethylene (>2 minutes) and in acetone (>2 minutes). The ultrasonic
cleaning was performed on the CulnSe; samples, but it was observed that the cleaning often
led to damage of the surfaces. Using ultrasonic cleaning for a period of 2 minutes, the
surface damages are observable. Because CulnSe; cleave easily, it can be damaged when

using ultrasonic vibration.

Etching in Br-methanol solution

Following the polishing, the substrates were rinsed using trichlorethylene (TCE),
acetone (ACE) and then deionized (D.I.) water to remove contaminations resuiting from
the polishing. The substrates were then etched in a Br-methanol solution (0.5% Br by
volume). The etching time was kept to be about 15 seconds. For a period longer than one
minute, or etching in solutions of higher Br concentration must be avoided to prevent
excessive etching. Excessive etching results in non-stoichiometric surface atomic
concentrations and even etch pits. Comparison of the sample surface before and after the
process showed that strict control the etching time and solution concentration is important.
A appropriate etching time can eliminate the shallow polishing scratches, make the sample

surface like mirror. A longer etching time will cause triangular etch pits. If CulnSe; is
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etched for longer than 30 seconds, the density of etching pits will be too high to fabricate p-
n junctions. Following the etching process, the sample is rinsed thoroughly with DI water

and dried.

2.2.2 Evaporation of indium

After the drying, the sample was loaded immediately into the chamber of a vacuum
system for indium evaporation. High purity indium was evaporated on the substrate through
a metal mask, having circular windows with an area of 0.785 mm’. The aluminum mask
was placed in front of the samples during the evaporation. This mask was designed so
that on each sample, there were 3 to 6 indium regions, to form 3 to 6 homojunction
devices. The distance between the substrates and the boat for In during the evaporation
process was about 12 cm. An aluminum shutter was provided to control the evaporation
time and the thickness of the films. A schematic diagram of the evaporation system for the
deposition of indium contacts is shown in Figure 2.9.

After evaporating of indium, the I-V properties of indium-CulnSe; junctions were
studied. As indium is very soft material, figure 2.10 shows an extension probe using a thin
copper wire for the measurements. We found some samples have large leakage currents. But
after a diffusion process, I-V characteristics generally improved as the junction depth is
deeper.

The thickness of the evaporated In layer was important for obtaining a reliable

bonding of a conducting wire. Typical In thickness required for bonding is about 2 pm.

2.2.3 Diffusion of indium

We firstly prepare the ampoule. A schematic diagram of the ampoule used in the
present study is shown in Figure 2.11. The outer diameter (OD) and inner diameter (ID)
of the glass tubes were 1.6 cm and 1.2 cm, respectively. Before forming the ampoule, one
end of the glass tube was sealed by a C;H»/O; torch. The glass tube (with one end sealed)
was first cleaned with trichlorethylene (TCE), acetone (ACE) and then rinsed with
deionized (D. 1.) water. Following the cleaning process, the glass tube was put in an oven
set at 200 °C to dry. The glass tube was then narrowed to half of the diameter at about 8-

10 cm from the sealed end. This narrowing process was important because it helped to
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seal off the ampoule at this narrowed region more easily. After the narrowing process, the
ampoule was flame-polished first in air for about ten minutes and cooled down. Then the
sample was put into the tube. The other end of the tube was connected to a vacuum
system and allowed to pump down to 5x10°® torr and then sealed by the C;H»/O- torch.
After the ampoule was made, it was introduced into an oven set at a temperature 200
°C to diffuse indium for various times. After each diffusion period, the ampoule was cooled

to room temperature.

2.2.4 Bonding a wire

The wire bonding was done using Wood’s alloy which has a low melting point.
To avoid excessive heating, a low temperature (~100 °C) soldering iron was used.

After the diffusion, the ohmic contact was made directly on the indium surface by
soldering a metal wire using the Wood’s alloy (50% Bi, 25% Sn and 12.5% Cd, m.p.
71°C).

Initially, bonding of copper wire (diameter about 70 microns) was tried but the
results were not satisfactory due to the stresses induced. Thin gold wire (diameter = 36
um) was then tried. Before bonding, a layer of Wood’s alloy was applied to one end of
the gold wire. Then the gold wire was heated by the low temperature soldering iron with
a sharp tip. The soldering iron was only allowed to touch the In layer on the sample
surface very briefly to complete the wire bonding. This process was done under an

optical microscope.

2.2.5 Etching of indium

After bonding the wire, it is required to etch the indium layer not covered by the
Wood’s alloy using a diluted HCI solution (10% by volume). This was done in order to
ensure that the incident light can reach the junction during characterization. It is noted
that the etching time for the exposed indium is quite critical to obtain a good device.
After this, a layer of Ag conductive paste was applied to the polished back surface of the
sample to form a ohmic contact. Figure 2.12 shows the cross-sections of samples at

different process steps of the fabrication.
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It is thus clear that there were three difficulties needed to be overcome in the
fabrication of indium diffusion CulnSe; homojunction detectors.

Firstly, a very shallow p-n junction is needed.

Secondly, bonding a conducting wire is a cnitical.

Thirdly, etching the exposed indium is difficult to control.

After each fabrication step, the measured I-V and C-V characteristics were
obtained and the results will be shown in the later chapters.

Figure 2.12 gives block diagrams of the five main fabrication steps. After each
step, the sample surface was examined under microscope. From step 2 to step 5, the
electrical properties of the sample were also measured. At the beginning of this work,
many processes and runs were tried in order to find a solution to overcome the
difficulties. Table 2.4 summarizes all of the samples fabricated in this work. From these
experiments, the optimized conditions to do indium diffusion for the formation of p-n
homojunction CulnSe; detectors were obtained. Successful measurements carried out on

the working samples are summarized in Table 2.3.

2.3 Electrical measurements

Electrical properties of samples taken from different ingots were measured. A hot
point probe was first used to determine the conduction type. The van der Pauw method
was then employed for Hall effect measurements to obtain the mobility, resistivity, and
carrier concentration of the samples. Results of the measurements for five samples used
in this work are summarized in Table 2.2.

The samples listed in Table 2.3 were specifically characterized in this study.

2.4 Conclusions
In this section, basic operation principles of photodiodes were first introduced.
Following this, design and device parameters required were discussed briefly based on a
simplified analysis of receiver sensitivity and response speed.
The basic requirements of high-performance photodiodes can be summarized as

follows:



N

. The diode dark current needs to be as low as possible. The current dependence of the
sensitivity is greater at lower signal bit rates.

A high-quantum efficiency is needed. The minimum detectable signal level is
inversely proportional to the quantum efficiency.

. A low diode capacitance is required. The diode capacitance should be low so that the

diode can operate at a high speed. This will also allow sensitivity to be high because

it enables one to use a large load resistance.

Table 2.1 Fabrication conditions for the CulnSe; homojunctins

Doping Diffusion time Treating time

Sample No. source (minutes) 200°C | (minutes) 100°C
LS25 In 7 10
3CIS90051A In 15 10
3CIS90051B In 12 27
LSIA In 5 10
LSID In 3 10
LSIE In 1.5 10
LS35A In 10
84HSF65 In 4 10

Table 2.2 Results of hot point probe and Hall effect measurements

Sample No. | Conduction | Mobility Resistivity | Carrier Concentration
type (cmZN -s) (ohm-cm) (cm'3 )
LS! P 35 1.3 1.1x10'®
LS25 P 45 1.7 4.3x10"
LS35 P 41 0.9 5.1x10'
3CIS90051 P 30 2.1 3.1x10"
84HSF64 P 25 1.8 1.7x10"




Table 2.3 A summary of measurements carried out on the samples

Sample I-v C-v Quantum efficiency | Bandwidth
LS25 X X X
3CIS90051 X X X
A
3CIS90051 X X X
B
LSIA X X X X
LSID X X X X
LSIE X X X
LS35 X X X
84HSF65 X X X X

Table 2.4 A summary of samples prepared during the present work (x represents fail step;

v represents successful step)

Sample No. Step 1 Step 2 Step 3 Step 4 Step 5
Substrate Indium Indium Wire Exposed
preparation | evaporation | diffusion | bonding | In etching

CulnSe- 40 xM

CulnSe» 13 x"

CulnSe, 38 xh

CulnSe; 46-a x

CulnSe; 46-b v x?

LS32-a v X2

LS32-b v x¥

CulnSe; 35 v x3)

CulnSe; 31 v x¥

CulnSe; 44 v x¥




LS28-a v v <&

LS28-b v v NE)

LS 28-c v v NE)

LS47-a v v B <6

LS47-b v v v 6

LS47-c v v v N

LS25-a v v v v e

LS25-b v v v v <D

LS25-c v v v X8

CIS8808026a v v v 8

CIS8808026b v v v «®)

LS10-a v v v v D

LS10-b v v v v <@

84HSF65-a v v v v <

LSl v v v v 9

LS25 v v v v v

3CIS90051A v v v v v

3CIS90051B v v v v v

LSIA v v v v v

LSID v v v v v

LSIE v v v v v

L£S35 v v v v v

84HSF65 v v v v v
Notation:

(1) surface has scratches, pits, or wavy patterns;
(2) Poor contact between sample and mask;
(3) Sample damaged during /-V measurements;

(4) Thickness of In too small;
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(5) Diffusion time too long;

(6) Unable to bond a copper wire;

(7) After bonding and etching the exposed indium, the copper wire detached;
(8) Unable to bond a gold wire;

(9) Gold wire detached during etching of the exposed indium.
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Figure 2.1 Absorption coefficients of some semiconductor materials [2.1].
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Figure 2.4 Dependence of the quantum efficiency on the normalized thickness of the
junction illuminated region at (a) §;=0 (»1=0), (b) §,=10 m/sec (»1=1.287), and (c) §;=100
m/sec (»1=128.7). In the calculation it was assumed d=oco, Ly=Ly=1pum, W=0.5um and

a=2x10° m™. X,=t. The calculation was based on the Eq. (2.15)-(2.18).
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Fig. 2.5 An equivalent circuit of the practical photodetector under reverse bias.
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Figure 2.7 A schematic diagram of the polishing jig.
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Figure 2.8 A polishing machine and the polishing jig.
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Figure 2.9 A schematic diagram of the vacuum system for the evaporation of indium.
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Figure 2.10 An extension probe using a thin copper wire for the measurements.
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Figure 2.11 A schematic diagram of a glass ampoule.
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Figure 2.12 Cross-sections of samples at different fabrication steps.
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Chapter 3

Dark Current-Voltage Characterization

In this chapter, dark current-voltage characterization of the fabricated devices will
be described. As most of the photodiodes are operated under reverse bias, their dark
currents will influence the signal/noise ratio. Therefore, it is important to understand the

dark current mechanism in the fabricated photodiodes.

3.1 Dark current-voltage characteristics in a homojunction

For an ideal diode under forward bias in the dark, electrons are injected into the p-
type region from the n-type region; they pass from the n-type region where they are
majority carriers, through the depletion region, and into the p-type quasi-neutral region
where they are minority carriers. In the p-type region they recombine with majority
carmier holes, and the current flow is completed by a current of holes from the p-type
ohmic contact supplied through the extemal circuit. Similar statements could be made

about the current due to holes. The current density due to diffusion is given by {3.1],

| (D, 1z)"* (D, 17,)"
Ju =qn} (D, /7,) +—t F [exp(qV 7kT)y-1] (3.1)
NA ND
where n; is the intrinsic carrier density, N, is the density of acceptors in the p-type region,
and Np is the density of donors in the n-type region.

The diode saturation current is

12 D/ 172
10=qan[(D"”") L2100 } (3.2)

N, N,

Here, A is the diode junction area.
The diode current-voltage relation can be expressed as

I =1,[exp(qV /nkT) 1] (3.3)
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Here n =1 for the ideal diode. Dark /-V characteristics of the ideal diode are shown in
Fig. 3.1. The series resistance is zero, and the shunt resistance is infinite.

In a practical device, the n value may lie between one and two. The departures
from the ideal diode are mainly due to: (1) the surface effect, (2) the generation and
recombination of carriers in the depletion layer, (3) the tunneling of carriers between
states in the bandgap, (4) the high-injection condition that may occur even at relatively
small forward bias, and (5) the series resistance effect.

For a practical diode, there exist a series resistance R and a shunt resistance Rs.
The series resistance comes from the ohmic contact in the front surface, the substrate in
the back side, and the resistance from the measurement circuits. While the shunt
resistance comes from the defects of the surface and the traps in the depletion layer. All
of the above produce a leakage current different from the ideal device. This can be
observed in I-V characteristics at the reverse bias because the shunt resistance is
dominant under small forward bias and reverse bias. The equivalent circuit of a practical
diode is shown in Fig. 3.2, and the I-V characteristics are given by [3.4]:

oV -IR) ] V-IR
nkT

(3.4)

=1, exp[
sh
where n is the ideality factor. Equation (3.4) is now plotted in Figure 3.3. it is seen that
the [-V curve deviates from linearity at high currents due to the series resistance.
From [-V properties of the diode, the diode ideal factor n, the series resistance R;, and the
shunt resistance R, can be deduced using the following method.
In a log(/) versus V plot, the slope of linear region is given by

_ dlog(l)
dv

S (3.5)

Knowledge the slope and the sample temperature allows the ideality factor to be

determined using the relationship

I 1

n= = (3.6)
In(10)SkT /q 2.3SkT/q

The deviation of the log (I)-V curve from linearity is AV =IR_, here R is series

resistance and is given by
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R, = % 3.7

s

The shunt resistance Ry, can be determined by the Eq. (3.4) curve-fitting approach.
Another method is through measurement of the open-circuit voltage V. and the short-
circuit current /. under illumination. From the results, the shunt resistance Ry, can be
simply expressed as [3.4]

V
R, =—= (38)

The I-V, plot has a linear region with a slope of 1/Rs,. The curve becomes nonlinear
under high illumination intensities, and Eq. (3.8) becomes invalid.

If the senes resistance R is large, the photodiode RC time constant is large and
most current will be loaded on the series resistance. The performance of the
photodetector will degrade. For good quality photodetectors, the series resistance usually

1s less than 10 Q.

3.2 Experimental set-up and results

The dark d.c. current was measured by an HP-4145A semiconductor parameter
analyzer. The HP-4145A analyzer is a 16-bit multi-microprocessor-based test instrument
for measuring, analyzing and graphically displaying the d.c. characteristics of common
serniconductor devices and ICs. For the present study, the bias voltage typically ranges
from -0.5 to +0.5 V with steps of 0.05 V at room temperature.

Table 3.1 summarizes the current-voltages parameters of the CulnSe;
photodetectors studied. These results were obtained from the final devices. In the
fabrication, some current-voltage characteristics for various devices were also obtained
and the results are shown in Figure 3.4 to Figure 3.17.

Figure 3.4 and Figure 3.5 show the influence of different treating times on the
photodetector LS1A-a. Each treatment experiment took a period of about 5 minutes. At a
treatment temperature of 100 °C, the best I-V results were obtained after being treated for
10 minutes. (The forward-to-reverse current ratio at about 0.5 V is the largest). Results
similar to the above were also observed on several other samples. For subsequent

experiments, the total treating time was set for 10 minutes.
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After the best treating time has been obtained, ammonia was also adopted to rinse
the surfaces of the photodetectors. During the last fabrication step, HCl was used to etch
the exposed indium. In this etching process, some chlorine ions remained on n*-p
junction surfaces. Ammonia was used to remove the chlorine ions.

As stated before, for an ideal diode, the ideality factor is equal to 1 because
diffusion current is dominant. If the recombination current is dominant, then n = 2. When
both currents contribute to the total current, n has a value between 1 and 2. For our
devices, The smallest n factor observed on the sample No.84HSF65-g is 1.5, which is
farger than 1. This implies that a significant recombination process is present in the
device. From Fig. 3.5, we can see that the leakage current is about 100 nA. This large
leakage current implies the existence of the interface states as well as the deep levels in
the device.

The series resistance for all of the samples ranges from 150 to 210 ohms. It is
noted that the series resistance is dependent on the junction depth, the impurity
concentration of the p-type and n-type regions, and properties of the back surface ohmic
contacts.

Variations between the characteristics of photodetectors from the same crystal
substrate were observed to be large. The variations were even greater between the
different crystals. In Figures 3.4-3.17, these variations in characteristics are shown.

This is not surprising since many of the factors that can influence the -V
characteristics were not controlled, partly because of the limited amount of samples that
were available but primarily due to the difficulty in doing so. The net substrate acceptor
concentration as determined by C-V measurements varied from 10'® cm™ to 10" ¢cm
with the higher values being more common. Furthermore, the abrasive substrate polishing
was performed manually which resulted in poor control over the applied pressure which
can lead to variations from one sample to another. Despite the above variations,
differences between the set of heat treated and non-heat treated crystals were clearly
apparent.

As illustrated in Figure 3.12, the two quasi-linear regions can be fitted by an

expression of the form
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qV
J=Jexp(—— ) forgV>>kT 39
sexp( KT ) forg (3.9)

At higher forward bias > 0.5 volt, the effects of the series resistance R, became apparent.
Values of the series resistance were estimated by examining the differential resistance of
the I-V curves at a large forward bias.

The values of series resistance obtained were from about 100 ohms to 250 ohms.
The series resistance values were depended on the junction depth, the impurity
concentration of the p-type and n-type region, and properties of the front surface ohmic

contacts.

3.3 Dark current mechanisms

For a practical diode, several current components flow through the p-n junction,
both in the forward and reverse except the diffusion current. Although the exact causes of
the current may be difficult to know, the main components are believed to be generation-

recombination, surface leakage, and tunneling.

Generation-recombination current

Generation-recombination of carriers in the depletion region contributes to a
significant part of the total current. Under forward bias it is mainly due to the
recombination of injected carriers, whereas under reverse bias in which no carmers are
injected it is due to the generation process. The recombination current caused by deep
levels in the depletion layer is expressed as

J.=qW/2no,v,N, exp(gV/2k,T) (3.10)

where W is the width of the depletion layer, o; = 6, = 6;, 0, 6, are the hole and electron
capture cross sections, respectively, vy, is thermal velocity carriers, N, the trap density.
Here, it is also assumed that the energy level of the capture center lies at E,.
Under the reverse bias, the generation current can be expressed by the following
equation:

. =qunWit, _ =gnWov,N, (3.11)

dge—r
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The generation-recombination current increases exponentially as the temperature
increases or as the band-gap energy of the material decreases. The current depends on the
defect density within the depletion layer. Hence, the defect density needs to be kept low
during the crystal growth and fabrication processes. It is noted that the reverse current
increases with the increase in the reverse bias, due to widening of the depletion layer.

Figures 3.5, 3.7, 3.9, 3.11, 3.13, 3.15, 3.17 show the dark /-V characteristics for samples
No. LS1A-a, LS1D-d, LSID-i, LS35A-f, 84HSF65-L, LS 1E-a respectively. The n factors

for these samples are larger than 1.

Surface leakage current

The behavior of a p-n junction in the low-current range under reverse bias as well
as forward bias is generally determined by the properties of the surface because there are
more defects in this region than the inner region [3.2]. At the semiconductor surface,
there are surface states. In addition, energy states are also formed at the interface between
the semiconductor and a dielectric passivation film, when the surface is passivated. The
density of the surface states and the interface states depend very much on device
processing and the passivation method. The surface and interface states can easily trap
carriers acting as generation-recombination centers. If the trap level is near the mid-gap,
and electron and hole capture cross sections are nearly equal and the generation current
will have the following additional surface leakage current:

Id.t = (qwmr / 2)nlavlh N(l (3' [2)

where Wy, is the surface (interface) area of the p-n junction depletion layer, & and Ny, are
the carrier capture cross section and the trap density at the surface (interface).
Consequently, a surface leakage current will flow through a p-n junction formed on such
a surface or interface and can affect the current-voltage characteristics of photodiodes
under reverse bias. Therefore, the defect density at the surface (interface) needs to be kept
low during the fabrication process in order to reduce the dark current. From figure 3.4-
3.17, we can see that etching of indium in HCI has resulted in large reverse currents but
has small influence in the forward currents. This implies that the etching has produced

more surface states.



Tunneling current

Tunneling current [3.3] is due to quantum mechanical tunneling through the pn-
junction. Because the energy and momentum are conserved during tunneling, this process
occurs more readily in direct band-gap semiconductors. In indirect band-gap
semiconductors, the tunneling probability is low because the transitions require a
momentum change. The tunneling current is therefore more significant in photodiodes of
direct band-gap semiconductors and operated under a large reverse bias. As our CulnSe;
photodetectors were operated under low reverse bias voltage (-0.7 V), the tunneling
current can be neglected.

From the above analysis, we can state that the diffusion current, generation-

recombination current, and surface current are all present in our photodetectors.

3.4 Conclusions

The diffusion current appears both under forward and reverse bias. The diffusion
current under reverse bias is called the saturation current. In our devices, the reverse
current was not constant but increased gradually because of the additional current
components. All these dark currents will give rise to noise. Therefore the reduction or
current, especially surface leakage is important in order to obtain detectors with a high

S/N ratio.

Table 3.1 [-V Properties for CulnSe; photodetectors.

Sample No. | Diffusiontime | Ideality | Leakage currentat | Washing with
(minutes) factor, n V=-0.5V (nA) ammonia
LSI1A-a 5 1.8 0.2408 Yes
LSIA-b 5 1.6 0.1077 Yes
LSIA-c 5 20 0.559 Yes
LS1A-d 5 23 0.7541 Yes
LSlA-e 5 1.9 0.3359 Yes
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LSID-a 5 3 0.6325 Yes
LSID-d 5 24 0.2907 Yes
LSiD-e 5 3.2 0.7838 Yes
LSID-f 5 29 0.5816 Yes
LSID-g 5 34 1.412 Yes
LSID-h 5 2.8 0.7728 Yes
LSID-I 5 1.87 0.08025 Yes
LSID-j S 2.56 0.4835 Yes
LS1D-k 5 26 0.3207 Yes
LSID-1 5 254 0.4854 Yes
LSIE-a 3 2.02 0.1741 No
LSIE-b 3 1.99 0.1625 No
LSIE-c 3 225 0.2947 No
LSIE-d 3 245 0.5377 No
LSI1E-e 3 2.26 0.6573 No
LS35-f 1.5 2.47 0.4958 Yes
LS35-g 1.5 242 7.476 Yes
LS35-j 1.5 2.37 7.062 Yes
84HSF64-b 4 3.0 9.982 No
84HSF64-c 4 2.34 2.115 No
84HSF64-d 4 1.62 0.2045 No
84HSF64-¢ 4 2.6 1.74 No
84HSF64-f 4 22 2.095 No
84HSF64-¢ 4 1.8 0.07732 No
84HSF64-h 4 1.76 0.23 No
84HSF64-j 4 1.4 1.196 No
84HSF64-k 4 1.6 0.05982 No
84HSF64-| 4 1.63 0.1496 No
84HSF64-m 4 22 1.774 No
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Fig. 3.1 Dark I-V characteristics of an ideal p-n junction.

Rsh

Figure 3.2. Simplified equivalent circuit for a photodetector, including a current

generator, an ideal diode, a series resistor, and a shunt resistor.
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Figure 3.3 Log (/) versus V plots for a diode with series resisters. The upper dashed line

is for r,=0. (a) Generation-recombination current-dominated region. (b) diffusion current-

dominated region.
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Figure 3.4. Forward I-V curves of sample LS1A-a. (1} After In diffusion, (2) after the
first treatment (5 minutes), (3) after the second treatment (5 minutes), (4) after the third

treatment (5 minutes), (5) after wire bonding, (6) after etching of the exposed In, (7) after

rinsing with ammonia.
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Figure 3.5. Reverse /-V curves of sample LS1A-a. (1) After In diffusion, (2) after the first
treatment (5 minutes), (3) after the second treatment (5 minutes), (4) after the third

treatment (S minutes), (5) after wire bonding, (6) after etching of the exposed In, (7) after

rinsing with ammonia.
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Figure 3.6. Forward /-V curves of sample LS1D-d. (1) After In diffusion for 3 minutes at

200 °C, (2) after treating for 10 minutes at 100 °C, (3) after wire bonding, (4) after

etching of the exposed In, (5) after rinsing with ammonia.
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Figure 3.7. Reverse I-V curves of sample LS1D-d. (1) After In diffusion for 3 minutes at

200 °C, (2) after treating for 10 minutes at 100 °C, (3) after wire bonding, (4) after

etching of the exposed In, (5) after rinsing with ammonia.
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Figure 3.8. Forward /-V curves of sample LS1D-i. (1) After In diffusion for 3 minutes at

200 °C, (2) after treating for 10 minutes at 100 °C, (3) after wire bonding, (4) after

etching the exposed In, (5) after rinsing with ammonia.
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Figure 3.9. Reverse /-V curves of sample LSID-i. (1) After In diffusion for 3 minutes at
200 °C, (2) after treating for 10 minutes at 100 °C, (3) after wire bonding, (4) after

etching the exposed In, (5) after rinsing with ammonia.

107

108

10%

104

Current (nA)

103

102

10!

0 0.2 04 0.6
10°

Forw ard voltage (volts)

Figure 3.10. Forward I-V curves of sample LS35A-f. (a) After In evaporation, (b) after

wire bonding, (c) after etching of In, (d) after second etching of In, (e) after rinsing with

ammonia.
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Figure 3.11. Reverse I-V curves of sample LS35A-f. (a) After In evaporation, (b) after

wire bonding, (c) after etching of exposed In, (d) after second etching of In, (e) after

rinsing with ammonia.

1000

100 |

10

Current (uA)

0.1

0.01 }

0.001 =
0 0.2 0.4 0.6

Reverse voltage (Volts)

Figure 3.12. Forward /-V curves of sample 84HSF65-d. (1) After In diffusion for 4

minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after

etching of the exposed In.
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Figure 3.13. Reverse I-V curves of sample 84HSF65-d. (1) After In diffusion for 4
minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after

etching of the exposed In.
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Figure 3.14. Forward /-V curves of sample 84HSF65-L. (1) After In diffusion for 4
minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after

etching of the exposed In.
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Figure 3.15. Reverse /-V curves of sample 84HSF65-L. (1) After In diffusion for 4

minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after
etching of the exposed In.
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Figure 3.16. Forward I-V curves of sample LS1E-a. (1) After In diffusion for 1.5 minutes

at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after etching
of the exposed In.
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Figure 3.17. Reverse I-V curves of sample LS1E-a. (1) After In diffusion for 1.5 minutes

at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3) after etching
of the exposed In.
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Chapter 4

C-V Characterization

The capacitance-voltage (C-V) characteristics of the indium diffused n*-p CulnSe;
homojunction detectors were measured and the results are presented in this chapter. From
the C-V results, both the acceptor concentration distribution and the depletion region
width of the detectors may be calculated. Through the capacitance-voltage measurements,
influence of each fabrication step on the performance of the detectors may also be

understood.

4.1 Capacitance of a n*-p homojunction junction

The voltage dependence of the junction capacitance is commonly employed to
study junction behavior and to determine junction-related parameters. Capacitance-
voltage (C-V) measurements are often used to study junction properties such as the
impurity concentration of the substrate, depletion width, the defect density and the barrier
height. When a p-type semiconductor material is joined to an n-type material, a p-n
junction is formed. Holes diffuse from p-type to n-type region due to a large
concentration, electrons diffuse from n-type to p-type region. The diffusion of charge
carriers results in a space charge region with an associated electric field which forces the
electrons to drift back to the n-type region, and the holes back to the p-type region. If the
diffusion action is comparable to the drift action, a thermal equilibrium state is reached
and the net flow of carriers becomes zero. The charged region where the mobile carriers
have been reduced is called the depletion region. When deep traps are ignored, the total

charge density in the depletion region can be expressed as [4.1]
P(x) = glp(x) = n(x) + N (x) - N; ()] @.1)
where p(x) and n(x) are the hole and electron concentrations, respectively, N,(x) and

N ;(x) are the ionized impurity concentrations. For a one-sided abrupt n*-p junction with
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Np>>N,, assuming that the impurity atoms are totally ionized, Eq. (4.1) can be simplified

as:
p(x) = ~q[N ,(x) - p(x)] 4.2)
According to the Poisson’s equation, the depletion width x is given by
x=J25r£o(Vm +Ve) 4.3)
gN g

where Ny is equal to N, in the p-type semiconductor, Vy; is the built-in potential, Vg is the
reverse voltage applied across the two terminals of the junction, & is the permittivity of
free space (8.85x10'* F/cm), and & is the dielectric constant of the semiconductor (for
CulnSe,, & =10).

Since the charge stored in either side of the junction is directly proportional to the

depletion-layer width, we have

0 =gAN, x = A2q¢€,£,(V, + V)N, (4.4)

where A is the area of the junction and x is the depletion width. The small signal

capacitance of the space charge layer is defined by

c=42 (4.5)
dv,

Substituting Eq. (4.4) into Eq. (4.5) leads to

- N
C=a | 955N (4.6)
2V, +V,)

C is called the transition or depletion layer capacitance.
According to Eq. (4.6), Eq. (4.3) can be rewritten as
AE,E,

4.7)
C(V,)

x(Vy) =

From Eq. (4.7) we can see that the depletion width can be obtained from C-V
measurements.

In order to compare the measured diffusion lengths of different samples, the
doping concentrations of the substrate need to be measured.

From Eq. (4.6), we have
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v, +V,) (4.8)

then

{e).
LD (4.9)
dv qA € E,N 4 (x)

It is clear from the Eq. (4.8) that a plot of 1/C? versus Vg should yield a straight line if the
substrate is uniformly doped. The slope of the plot will give the impunty concentration of

the substrate, Ng. Eq. (4.9) can be rewritten as
2 |
 qe,£,A d(l/C?)av,

N, (4.10)

The width of the depletion layer, W, is given as

/2
W=x, +x, = 2,6 L 1 V,| @.11)
q N, N,

When a negative bias, V, is applied to the junction, Eq. (4.11) can be rewritten as

172
2
W:['£'£°( L, )vD+v|] 4.12)
A

g \Np N

Hence, the width of the depletion layer in an abrupt junction changes in proportion to the
square root of the potential difference, (V, +V)'>.

In an abrupt pn-junction, positive space charge (+Q) in the n-type region and
negative space charge (-Q) in the p-type region are adjacent to each other. The charge
changes with the bias voltage, V. Consequently, an equivalent parallel plate capacitor is
formed in the depletion region, and the capacitance per unit area (F/em?®) is given by the
first derivative of charge with respectto V:

2
— dQ — A’: é‘rEOquD]v.‘\ J (413)

TdV | 2AN, NV, +V)

By substituting Eq. (4.12) into Eq. (4.13),

_ A€ g,
w

C (4.14)
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This equation gives the capacitance of the parallel plate capacitor having a unit area and a
plate distance, W. The capacitance given by Eq. (4.14) is called the junction capacitance,
the depletion layer capacitance, or the barrier capacitance. If Na>>Np, Egs. (4.12) and
(4.13) can be simplified as follows:

172
W {Z_Lﬂ] @.15)
‘IND

112
C=A ﬁqN_D (4.16)
2(VD +V)

From Eq. (4.16),

2V, +V)

1/C* =—
A qe N,

4.17)

where A is the area of the p-n junction.

For a n*-p abrupt junction, the concentration profile on the p-side, Na, is given by:

2 1
N, = . - 4.18
e dlacy] 4P
v,

where, & is the permittivity of free space, & is the relative dielectric constant of the p-
side, and q is the electronic charge. A is the junction area. Thus, by measuring the slope
of the curve of (A/Cp)2 against reverse voltage, an estimate of the carrier concentration
can be ootained.

A grown junction is often abrupt, whereas a diffused junction which is formed by
the impurity diffusion is often graded. The basic concepts for the analyses of the graded
junction are similar to those for analyses of the abrupt junction. The behavior of the
graded junction can be examined by solving the Poisson’s equation for a given space-
charge distribution. The space charge (or impurity) distribution can be expressed as

p(x)=gqa,,, x for a linearly-graded junction, where @grg (cm™) is the gradient of
impurity concentration. The results obtained are as follows:

3
- qa grod W

4.19
12¢. ¢, )

D
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173
W = 126, ,(V, +V) (4.20)
qagmd

and for a unit area of the p-n junction,

22 t/3
C=A £ 0 :ﬂt‘_ 4.21)
12(V, +V) W

As indicated in Egs. (4.19), (4.20), and (4.21), the built-in potential, the width of the
depletion layer, and the junction capacitance are determined by the impurity
concentration gradient. As the impurity concentration gradient decreases, the built-in

potential and capacitance decrease and the depletion layer broadens. The width of the

depletion layer is proportional to (V, +V)"’ and the capacitance is inversely

proportional to (V,, +V)'".

4.2 Capacitance measurement considerations

The equivalent circuit of a p-n or Schottky diode consists of a junction
capacitance C, a junction conductance G, and a series resistance r; as shown in Fig. 4.1
(a) [4.2]. The conductance governs the junction leakage current and can be varied by
processing conditions. The series resistance depends on the bulk wafer resistivity and on
the contact resistances. Conventional capacitance meters (LCR) assume the device to be
represented by either a parallel equivalent circuit in Fig. 4.1 (b) or a series equivalent
circuit in Fig. 4.1 (c). Comparing the two circuits to the original circuit in Fig. 4.1 (a)

allows C;, G, Cs, and R to be written as

Cc = 7C . G = G+ r,G’) +r, (u)C)" : 4.22)
" (+1G) +(r,C) ' (+r,G) +(0r,C)

Cs = C[l + (ﬁ)l}; R =r + L. (4.23)
wC | Gll +(@C1G)?]

where w = 27f .
The series Cs is independent of the series resistance r;, whereas C, depends

strongly on r;. Both capacitances deviate from C at high G. Therefore, in order to
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measure the true capacitance, wC/G must be greater than 10. Otherwise, correction of
series resistance effect must be made.

For proper interpretation of the capacitance measured by the LCR meter,
considerations must be given to the complete circuit representation of the structure being
tested. Capacitance meters assume the device represented by the parallel circuit of Fig.
4.1 (b) where C; and G, are the measured differential capacitance and conductance,
respectively.

The complete small-signal circuit representation of a photodiode is more
complicated. The most important parasitic circuit element is the series resistance, Rs,
which depends on the bulk crystal resistivity and the back-contact resistance. The actual
circuit representation of a photodiode is given in Fig. 4.1 (a) where C; is the junction
capacitance and G, the junction conductance. This model can be extended to include the
effects of back-contact capacitance, lead series inductance and stray capacitance of the

probing station.

4.3 Capacitance-voltage measurements set-up

In this work, the C-V characteristics will be discussed qualitatively based on 1/C*
vs. V graphs obtained at different small signal frequencies. Ideally, if deep and interfacial
states are not present, the C-V characteristics should not depend on the frequency of the
small signal, which is superimposed onto the dc bias voltage (V). Thus, any frequency
dependent C-V characteristics give strong evidence of deep and/or interfacial states. A
schematic diagram of the C-V measurement system is shown in Fig. 4.2. The capacitance
of the samples was measured by an HP 4274A multifrequency LCR meter. The voitage
across the sample was determined by an HP 3478 A multimeter. The LCR meter and the
multimeter were connected to an [BM PC XT computer through an [EEE 488 bus. A
computer program written in BASIC controlled the operation of the equipment and
controlled the data acquisition as well as the data storage. The results of measurements
were printed by a plotter or printer.

During the measurements, the LCR meter supplied a dc bias with values from 0.2
volt to -1 volt to the CulnSe; sample. A voltage increment of 0.02 volts was applied. The

dc bias was then measured by the multimeter. The capacitance was measured in a parallel
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mode, in which a capacitance was given in parallel to a conductance. A small ac voltage
signal with amplitude of about 20 mV was superimposed on the dc bias and the
frequency employed was from | kHz to 100 kHz. The resulting current was then
measured to give the capacitance of the device at that particular dc bias. The capacitance
and the dc bias for the specified voltage range were then recorded and stored on a floppy
diskette. A low voltage sweep rate and a long waiting time were usually adopted to allow

the device under test to stabilize before the measurements.

4.4 Experimental results

If traps or interface states exist in a sample, the depletion charge and junction
capacitance will also be affected by the ionization of traps. The minority carrier diffusion
length will be affected by the change of these ionized traps. Because the frequency of the
small ac voltage has a strong effect on junction capacitance when deep levels exist in the
depletion region, the capacitance measurements were carried out at different frequencies.
In this manner, differences between the results could be seen.

The capacitance values were recorded as the reverse bias voltage was decreased
from a maximum value towards a small forward bias at a constant sweep rate (mV/s).
Figure 4.3 shows C-V curves obtained for the sample 84HSF65-g with different sweep
rates. It is seen that the results are not sensitive to the sweep rate. Therefore, a high sweep
rate may be used to measure the C-V curve.

In the present experiments, capacitance-voltage results of three n*-p CulnSe
homojunctions have been obtained at a temperature of 300 K over a frequency range
from 10° to 10° Hz. Figure 4.4 shows 1/C>-V curves at different frequencies where a
dispersion is seen. One of the possible causes for the frequency dispersion of the
capacitance is a large series resistance. However, the series resistance in our devices is no
more than 300 ohms, so the series resistance should not have a significant effect on the
capacitance dispersion. Another cause for frequency dispersion can be explained from the
p-n junction model. The frequency dependence of the junction capacitance could be the
result of finite time constants associated with the charging and discharging of the deep
states close to the depletion edge. At low frequencies, the variation of small signal ac

voltage is comparable to the time constants of the deep levels. Thus, the charging and
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discharging of the deep states could follow the small signal variation. Such a
phenomenon will contribute to the measured junction capacitance. Therefore, a higher
junction capacitance is expected. At high frequencies, the charge variation on the deep
states cannot follow the small signal voltage applied to the junction and hence cannot
contribute to the junction capacitance. In this case, a lower capacitance value is
anticipated. These could explain the frequency dispersion between the | kHz and 100
kHz of the present devices.

In order to determine whether this is due to surface states or deep levels, higher
frequencies and larger reverse biases are needed. Higher frequencies were used because
interface states and deep levels are not responsive to the small-signal voltage in C-V
measurements. The use of larger reverse biases can allow one to probe deeper into the
CulnSe; so that surface effect and bulk effect can be distinguished. As the breakdown
voltage of our photodetector is only about -1 volt, so the large reverse voltage was not
employed.

From Figure 4.5 to Figure 4.11 show C-V characteristics obtained from some of
the photodetectors after different fabrication steps.

Figure 4.5 shows the influence of different treating times on C-V results for the
photodetector LS1A-a. The duration of each treatment step was 5 minutes, at a
temperature of 100°C. It should be noted that ammonia was also selected to rinse the
etched photodetector. As described in Chapter 2 and Chapter 3, HCI was used to etch the
exposed indium. Therefore, some chlorine ions would remain on n*-p junction surfaces.
The purpose of rinsing in ammonia was to reduce density of chlorine ions. Figures 4.5-
4.7 show that ammonia rinsing is not always effective.

We can also see that the bonding or etching of indium sometimes induced a large
carrier concentration change. Bonding a wire caused an increase a capacitance. Etching
caused an increase in surface traps. Both these two factors can change 1/C* versus V
properties.

From the plots, the acceptor concentration was found to be in a range from 10'® to

10" em™. The depletion width varied from 0.3 um to 0.8 um (at -0.8 Volt).
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4.5 Conclusions

Capacitance-Voltage (C-V) characteristics are important for studying junction
properties such as the impurity concentration of the substrate, depletion width, the defect
density and the barrier height. Through C-V curve measurements, the acceptor
concentration distribution and the depletion region width of the photodetectors were
obtained. Selected photodetectors with small capacitance values and with small series

resistance, photodetector RC time constant can be optimized.
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Figure 4.1. (a) Complete equivalent circuit, (b) parallel equivalent circuit, (¢) series

equivalent circuit for a p-n junction diode.
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Figure 4.2 A circuit block diagram of the arrangement used for the capacitance-voltage

measurements of the photodetectors.
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Figure 4.3 Effect of sweep rate on the capacitance versus voltage curve for photodetector

84HSF65-g.
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Figure 4.4. Results of C-V measurements on the photodetector 84HSF65-i at different

frequencies and at room temperature.
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Figure 4.5 Results of C-V measurements for sample LS1A-a. (1) After In diffusion, (2)
after the first treatment, (3) after the second treatment, (5) after wire bonding, (6) after

etching of the exposed In, (7) after rinsing in ammonia. 100 kHz at room temperature.
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Figure 4.6. Results of C-V measurements on sample LSID-e at 100 kHz at room
temperature. (1) After In diffusion for 3 minutes at 200 °C, (2) after treating for 5
minutes at 100 °C, (3) after wire bonding, (4) after etching of the exposed In, (5) after

rinsing with ammonia.
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Figure 4.7. Results of C-V measurements of sample LSID-L at 100 kHz at room
temperature. (1) After In diffusion for 3 minutes at 200 °C, (2) after treating for 5
minutes at 100 °C, (3) after wire bonding, (4) after etching of the exposed In, (5) after

rinsing with ammonia.
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Figure 4.8. Results of C-V measurements on sample LS35A-j. (a) After In evaporation,

(b) after wire bonding, (c) after etching of the exposed In, (e) after rinsing with ammonia.

100 kHz at room temperature.
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Figure 4.9. Results of C-V measurements on sample 84HSF65-d. (1) After In diffusion
for 4 minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3)

after etching of the exposed In.
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Figure 4.10. Results of C-V measurements on sample 84HSF65-L. (1) After In diffusion

for 4 minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3)

after etching of the exposed In.
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Figure 4.11. Results of C-V measurements on sample LS1E-a. (1) After In diffusion for
.5 minutes at 200 °C and treating for 10 minutes at 100 °C, (2) after wire bonding, (3)

after etching of the exposed In. 100 kHz at room temperature.
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Chapter §

Minority Carrier Diffusion Length Measurements

The studies of minority carrier diffusion length in CulnSe; is important because it
could lead to further understanding and improvement of CulnSe: photodetectors.
Furthermore, the knowledge of the diffusion length is required in determining the
quantum efficiency of CulnSe; homojunctions. There are several methods for measuring
minority carrier diffusion length in a semiconductor. Some of them involve the use of
sophisticated equipment, such as electron beam systems, while others involve the optical
and electrical measurements of heterojunctions or Schottky junctions.

The photocurrent-capacitance (PC) method is a method based on the variation of
depletion capacitance and illuminated-to-dark current change with reverse bias. This
method was originally described by Tyagai [5.1]. It has also been used by Smith and
Abbot in GaP Schottky junction cells [5.2], by Young and Rowland in GaAs cells [5.3],
by Qiu and Shih in polycrystalline thin film CulnSe, heterojunctions [5.4], Lastras-
Martinez et al for CdTe [5.5], and by Champness, Shukri, and Chan in CulnSe,/CdO
heterojunction cells [5.6, 5,7]. Using a photocurrent-capacitance method on their
CulnSe,/CdO cells, Dr. Champness et al. found the diffusion length values are different
between the devices made with cleaved CulnSe; surfaces and abrasively polished ones.

In the present work, the photocurrent-capacitance measurements were carried out on the

homojunctions and the results obtained are described in this chapter.

5.1 Principle of photocurrent-capacitance method (PC)

The main physical mechanisms involved in junction photodetection are iliustrated
in Figure 5.1. At point A, an incoming photon is absorbed in the n* side to create an
electron and a hole. If this takes place within a diffusion length (the distance in which
excess minority carrier concentration is reduced to e of its peak value, or in physical

terms, the average distance a minority carrier traverses before recombining with a carrier
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of the opposite type) of the depletion layer, the hole will, with high probability, reach the
layer boundary and will drift under the field cross it. A hole traversing the junction
contributes a charge e to the current flow in the extemal circuit. If the photon is absorbed
near the p side of the depletion layer, as shown in C, the resulting electron will diffuse to
the junction and then drift across it, giving rise to a flow of charge e in the external load.
The photon may also be absorbed in the depletion layer at B, in which case both the hole
and electron created drift (in opposite directions) under the field until they reach the p
and n" sides, respectively. In this case, since each carrier traverses a distance that is less
than the full junction width, the contribution of this process to charge flow in the external
circuit is 2e. In practice this last process is the most desirable for real use of
photodetectors, since each absorption gives rise to a charge of 2e, and the delay in current
response caused by finite diffusion time is minimized.

It is clear from Figure 5.1 that a photodiode is capable of detecting only photons
with energy hv 2 E, where E; is the energy gap of the semiconductor. If hv >> E, the
absorption, which increases strongly with frequency, will take place entirely near the
surface of the junction (in the n* region of Figure 5.1) and the minority carriers generated
by the absorbed photons will recombine with majority carriers before diffusing to the
depletion layer. This event does not contribute to the current flow and, as far as the signal
is concemed, is wasted.

Based on the above comments, the basis of the PC method is described as follows.
Consider an n*-p photodiode, where the thickness of the p-type layer is large compared
with the electron diffusion length, L, and the n* layer is sufficiently thin so that it is
transparent to the optical beam used (See Figure 2.2). Suppose the photodiode is
illuminated with a photon flux F at a wavelength A for which the absorption coefficient in

the semiconductor is o. Then, the photogenerated current [, is given by:

W+L,
. =qFT,(1- RIA [eadx = qFT,(1-R)All -] (5.1)

1]
Where R is the reflectance of the surface of photodiode. T is its optical transmission
coefficient, W is the width of the depletion layer, A is the area of the cell, and q is the

electronic charge.
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If A is chosen near the bandgap, so that & is small to satisfy AW +L,)<< | and
corresponds to light penetrating almost completely through the depletion layer, then
Equation (5.1) becomes:

1, =qFT,(1-RAl-1+aW +L)|=qFT,1-R)Ac(W +L,) (5.2)
When a reverse voltage Vr >> kT/q is applied to the photodiode terminals (where & is

Boltzmann’s constant and T is absolute temperature), the diode reverse dark current is

qVe
equal to Ip(e  —1)=-I,. Then the current / is given by: I =1, +1I,. Hence, the

difference between I and Ir is Al = I ~ Ir = I, and the Equation (5.2) becomes:
Al =gFT,(1-R)Aa(L, +W)=K(L, +W) (5.3)
where
K =qFT (1-R)Ax
If we know the relationship between Al and W, then we can obtain the value of L,. The
depletion capacitance C of the junction is given by:

_EEA

o (5.4)

where ¢, is the relative dielectric constant of the semiconductor and € is the permittivity

of vacuum. Substitution Eq. (5.4) into Eq. (5.3) yields:

AI=K‘(L+ L, J (5.5)

C ¢g,6A

where K’ = KggA.
According to Eq. (5.5), when the reverse bias is varied, a plot of I, against 1/C
should yield a straight line, with an extrapolation intercepting on the 1/C axis at

- L, /(e,KA). From the intercept, the diffusion length L, can be determined. Here, the

constant K, involving ¢, is independent of the reverse voltage.
Linearity would not be expected at low reverse and forward bias because of the

condition Vg>>kT/q is not satisfied.
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5.2 Experimental setup

For the diffusion-length measurements, the capacitance was measured at a
frequency of 100 kHz using an Hewlett Packard model 4274A multi-frequency LCR
meter. The experimental set-up is shown in Fig. 5.2. During the measurements, a tungsten
filament lamp source and a monochromator (with the slit width kept at 0.6 mm) were
used to illuminate the diode with the steady monochromatic light. The applied reverse
voltage Vg from the LCR meter was varied from -0.01 to -0.9 volt. Reverse bias voltages
with a magnitude greater than | volt were not applied due to junction break down. The
illuminated-to-dark current difference Al was measured over the same bias range at the
same wavelength by applying chopped light from the monochromator (see Figure 5.3).
The current change A/ was measured from the voltage change across a 220 £ resistor
connected in series with the sample. This voltage signal was measured with a Princeton
Applied Research model 124A lock-in amplifier with a reference voltage obtained from
the light chopper (Stanford Research Systems, Inc. model SR 540), whose chopping
frequency was set at 163 s'. The voltage drop across the 220 Q sensing resistor was
about 10 V and thus was negligible compared with the bias voltage applied to the

sample.

5.3 Experimental results

The diffusion length of the electrons in the CulnSe; junction on monocrystalline
substrate was estimated from the photocurrent-capacitance method. The method basically
consisted of two steps. First, the illuminated-to-dark change in the short circuit current
(AI) of the cell was measured at different reverse bias voltages with the illumination of
long wavelength light. Second, values of the junction parallel capacitance, C,,, at the same
reverse bias voltages and illumination were measured.

Figures 5.4, 5.5, and 5.6 give experimental results for the sample No. LSID-1,
84HSF65-1, and 84HSF65-3, respectively. Based on Equation (5.5), the electron
diffusion lengths were obtained and are shown in Table 5.1.

An example of calculation of L, is given as follows: Capacitance values were first

obtained by C-V measurements. The illuminated-to-dark current change Aly, was then
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calculated by subtracting dark current Ip from illuminated current I, Figure 5.5 shows a
plot of the illuminated-to-dark current change Al,, versus 1/C at different wavelengths
with the capacitance measured at a frequency of 100 kHz for the sample No. 84HSF65-1.
At a wavelength of 1.3 um, the intercept on the 1/C axis is: 1/C = -0.0145 (pF")

According to the Eq. (5.5), ALy, = 0.1/C = -L/&&A. Therefore, L, = 0.0145x£86A
=0.0145 (pF') x10x8.85x10"* (F/cm) x0.785 (mm?) = 1.01 (um). where & is the
permittivity of free space, & = 8.85x107™ (F/cm). & is the dielectric constant of CulnSe,,

(& =10). A is the junction area, A =0.785 (mml).

5.4 Conclusions

In Table 5.1, diffusion lengths obtained at different wavelengths are shown. From
Figures 5.4, 5.5, and 5.6, we can see that at wavelengths of 1.1 um, L.15 um, and 1.2 pm,
intercepts on 1/C axis are positive. Thus, the diffusion lengths can not be calculated. As
described in section 5.2, CulnSe; has high absorption coefficients for short wavelength
light (high photon energy). Thus, most of carriers induced are within the n* region and
the depletion region. In the neutral p region, no carriers are generated. Hence, when the
reverse bias is changed, no minority electrons produced by photon in the neutral p region
can diffuse to the depletion layer and contribute to the photocurrent. Under such
conditions, the photocurrent is not linear function of 1/C. Thus, when we use linear
relation to fit the data, intercepts on 1/C become positive. The calculation of L, becomes
negative and is incorrect.

Even at long wavelengths, the diffusion length measurements also show some
tolerance. If we consider the absorption in the n* side, then it can be shown that

Al, =KW +L, +L,). Using this equation, we can get the sum of the diffusion lengths

of the minority carriers in the depletion regions of the junction.
As CulnSe; has large absorption coefficient o at short wavelengths, we can only
apply long wavelength (photon energy is near or above the bandgap of CulnSe;) to carry

at the measurements.

Generally, the doping concentration can affect the diffusion length. It is noted that

the diffusion length is given by the equation:



L = /,unﬂrn (5.6)
q

Where 4, is the minority carrier mobility, 7, is the minority carrier lifetime, k7/q is the
thermal voltage at a given temperature 7. The mobility is a measure of the ease of carrier
motion within a semiconductor crystal. The carrier mobility vanes inversely with the
amount of scattering which is taking place within the semiconductor. Scattering
mechanisms include two components: lattice scattering and ionized impurity scattering.

According to the Eq. (5.6), the decrease of [, will cause a decrease of L,.
Therefore, an increase of the doping concentration will result in a decrease in the
diffusion length. From Table 5.1 and Table 2.2, the doping concentration of sample No.
LS is in the order of 1.1x10'" cm™ and the mobility is 35 cm/V-s. While the doping
concentration of sample No. 84HSF65 is 1.7x 10'"cm™. The mobility of sample No.
84HSF65 is 25 cm’/V-s.

In conclusion, the diffusion length in p-type CulnSe; has been measured using the
photocurrent-capacitance method. Some of the assumptions made in the calculation of the
minority carrier diffusion length may have affected the calculated values. For instance,
the thickness of the n* side of CulnSe; was not known and the absorption coefficient in
the n*-side was also not known. Because of this, a portion of the incident photons may
have been collected in the n* side. Furthermore, the ideal diode assumption may have
caused additional errors in the minority carrier diffusion length determination for the
present CulnSe; homojunction photodiodes, where n-factors were greater than 1.

The other source of errors is the capacitance measurements. As the capacitance
was taken under a small ac signal, while the photocurrent measurements were taken
under the dc reverse bias with the sample being shunted by a monochromatic light. The
measured ac capacitance and dc capacitance are different. So for the samples studied by

the capacitance method, some tolerance is expected in the diffusion length values.
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Table 5.1 Results from the photocurrent-capacitance measurements.

Wavelenth (um) | LSID-I (L, pm) | 84HSF65-d(L, pm) | 84HSF65-1 (L, pm)
1.1 Negative Negative Negative

.15 Negative Negative Negative

1.2 Negative 0.53 Negative

1.25 0.41 0.72 0.68

1.3 0.62 1.01 0.96

74




n* region p region

i—_ | ’
a v E,
[ hy C *
A hv @
o—

+ -—
[ —— W\

dc bias load

Figure 5.1 Three types of electron-hole pair generation by photons that contribute to the

current flow in n*-p photodiode.
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Figure 5.2 A schematic diagram of the experimental set-up for the measurements of

capacitance in the photocurrent-capacitance method.
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Figure 5.3 A schematic diagram of the experimental set-up for the measurements of the

illuminated-to-dark current change, A/, in the photocurrent-capacitance method.
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Figure 5.4. Plots of Al against 1/C for sample No. LS1d-i.
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Chapter 6

Quantum Efficiency and Photoresponse Measurements

6.1 Quantum efficiency measurements
The quantum efficiency, n, is the number of electron-hole pairs generated per
incident photon and is given by:
1,/q
P_/hv

opt

6.1)

7]:

Here, [, is the current generated by the absorption of photons. Py is the optical power at
a wavelength A. hvis the photon energy and g is the electronic charge (g=1.6x10"" C). It

is noted that the photon energy is given by

he
hy = — 6.2
v 7 6.2)

where # is Planck’s constant (h=6.63x10* J/s), ¢ is the speed of light in vacuum
(c=3x10® m/s) and A is the wavelength.
A related figure of merit is the responsivity, R, which is the ratio of the

photocurrent to the optical power:

I
R=_t= ’7’1;’6"") (AIW) 6.3)

opt

To measure the value of quantum efficiency, a silicon (Si) detector with known
responsity from 500 nm to 1100 nm and an InGaAs detector from 1100 to 1400 nm were
firstly used to calibrate the light source. The Si (or InGaAs) detector was illuminated with
monochromatic light supplied by a Beckman Model DU spectrophotometer where the
exit slit was set at 0.6 mm. The incident light beam was chopped at a frequency of about
163 Hz using a light chopper (Standford Research Systems, Inc. model SR 540). The
experimental setup is shown in Figure 6.1. The photogenerated current of Si (and
InGaAs) detector was measured and the incident optical power Py, for the different

wavelengths was calculated using Eq. (6.3). The Si detector was the replaced by an n*-p

78



In-diffusion CulnSe; photodetector and the photocurrent measurement repeated. The
quantum efficiency of the CulnSe, photodetector was finally calculated using Eq. (6.1)
and the incident optical power P, values obtained in the previous step.

Figure 6.2 shows the quantum efficiency of five samples with different indium
diffusion times at 200°C. Table 6.1 gives the maximum quantum efficiency of these
samples. For the sample with diffusion times from 4 to 5 minutes, the maximum quantum
efficiency was obtained from the devices.

From Figure 6.2, we can see that the quantum efficiency decreases drastically
beyond the maximum towards the long wavelength side. Conversely, it shows a gradual
decrease towards shorter wavelengths. The quantum efficiency is a function of
wavelength to the extent that the Fresnel reflectance and absorption coefficient are related
to the wavelength of the radiation. The Fresnel reflectance, which varies because the
index of refraction is a function of wavelength, usually affects short-wavelength
response. At the same time, « is a strong function of the wavelength for a given
semiconductor. Hence, the wavelength range in which appreciable photocurrents can be
generated is limited. The short wavelength cutoff of the photoresponse appears because
the values of o at short wavelengths are very large, and the photons are absorbed very
near to the surface where the recombination time is short. The photocarriers thus can
recombine before being collected in the p-n junction. The long-wavelength cutoff A is
determined by the energy gap of the semiconductor. At wavelengths longer than A, most

of the photons penetrate the detector material and are not absorbed.

6.2 Operation modes of p-n photodiode

A photodiode can be operated in different modes. Figure 6-3 (a) shows the family
of [-V curves at different operation modes [6.1]. Each curve gives the current through the
device as a function of the voltage, for a specific value of light intensity P. Quite a lot of
information can be gained from studying such a set of curves.

When V, the voltage applied across the device, is positive, current flows in the
“forward-biased™ direction. It is difficult to distinguish the current levels different light
illuminations. When a negative voltage is applied, the current is almost constant with the

variation of voltage for a given light level until the breakdown voltage Vi, is approached.
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As the reverse voltage across the device approaches Vi, an avalanche process called
impact ionization begins.

The curve without of light (P = 0) is the familiar semiconductor-diode curve in
which the resistance in the forward bias is small and that in the reverse bias is large but
not infinite. The small current that flows under the reverse-biased conditions, even for
zero light level, is called the dark current Iy, and represents a source of unwanted noise.
The dark current is due to thermal generation of carriers. When the temperature is
increased, more electrons are excited, leading to an increase in current and dark noise.

Conceivably, it would be possible to operate the photodiode in any one of the
three quadrants covered by the curves. One can employ the photovoltaic mode by
connecting the photodiode across the high-impedance input terminals of a voltage
amplifier, so as to amplify Vg, as shown in Figure 6-3 (b). The value of load resistor for
this mode might be many megohms. Since the curves are very close together, it is clear
that this is not a very effective way of using the photodiode.

Another possibility is to operate the photodiode in short-circuit mode and use a
current amplifier, maintaining the voltage across the device near zero so that the current
amplifier sees a light-dependent current. This mode is shown in Figure 6-3 (c). There are
several problems with this mode. For one thing, since the depletion region is very
shallow, the quantum efficiency will suffer, and for another, a strong potential difference
across the depletion region is required in order to minimize the response time of the
device by accelerating the carriers.

Therefore, photodiodes for fiber optic communication use neither of these modes,
but instead use the lower left quadrant, i.e., reverse biasing, as shown in Figure 6.3 (d),
and (e). Figure 6.3 (d) represents the PN or PIN diode operated with a voltage amplifier,
and Fig. 6-3 (e) shows the operation of an APD.

6.3 Frequency response measurements

6.3.1 Pulse response theory
Let us consider the pulse response theory for an optical detector [6.2]. At the input

end of some optical system we have a signal where the optical power is modulated at a

frequency f. This is P, = P, [1-cos(27f1)]. If we express the optical power output of the
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system as P, = P?[l-cos(27t +¢)], the ratio of P/ to P, gives the system response,

our

which is denoted by H(f). We define the optical bandwidth of the system as the frequency
range Af,, over which |H(f)| exceeds one half of its maximum value. If we allow the
optical output signal to fall onto a “perfect” photodetector, then the current output, i,

would follow the variations in H(f). Electrical power from the detector, being
proportional to i3, will follow |[H(fI’. In an electrical system, the electrical bandwidth is

defined as the frequency range over which the electrical power exceeds one half of its

maximum value. We can therefore define an electrical bandwidth for our optical system,
. | R : I
4f., as the frequency range over which [H(f)| exceeds 5 of its maximum value. Similar

arguments apply when a voltage output is obtained.

We turn now to pulse broadening. Suppose we launch an optical pulse which, as
far as the system response is concemed, is infinitesimally narrow. When the pulse
emerges from the system, it will have broadened into a definite shape. This shape may be

described by the normallized impulse response A(t). The function h(t) is normallized so

that:
Th(r)dt =1 (6.3)
The functions A(t) and H(f) are in fact related by a Fourier transform,
H(f)= le(t)exp(—iZIﬁ)dt (6.4)

A useful parameter for characterizing the spread of a pulse is the r.m.s. pulse width. This

is given by o where:
- J.tzh(t)dt - fth(z)dt 6.5)

If the response of the photodetector is that of exponential function of time (Figure 6.4),

we have

h(z)=lexp(-i} t>0  (6.6a)
T T

h(t) =0, t<0 (6.6b)
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where 7is the Full-Width-at-Half-Maximum (FWHM). Thus

_.._l_m _L — =i+°° — l [ = 1
Hf) = _[ex;{ z_Jexp( i2nfr)dt = :[exp{ t(r+:27y"Hdt T 6.7)

hence

I

6.8
(l+47[2f1r2)”?' (6.8)

|H(H =

and

Af,, =0276/T  (6.9)

Af, =0.159/7  (6.10)

6.3.2 Photodiode bandwidth measurements

In this section, we shall discuss the possible electrical circuits and use pulse
response theory described in the above section to estimate the photodetector bandwidth
[6.3]. In order to increase the photodiode response speed, the photodiode is operated at

reverse bias. Three types of circuits may be used to measure the photodiode bandwidth.

Resistor terminated

Many of the earliest photodiodes used a simple resistor terminated design [6.4]
shown in Fig. 6.5. In this case, the bandwidth is determined by the RC time constant of
the input, where R is the biasing resistance and C is the photodetector. Thus, for small
values of R, the bandwidth can be quite large, but at the expense of signal magnitude.
Further, the small biasing resistor dominates the input noise, leading to poor receiver
sensitivity. This configuration only requires a resistor and has been demonstrated to
operate at low gigahertz frequencies. In our resistor terminated circuit, as shown in
Figure 6.5, a resistor with R =220 Q is used.

For those low output photodetectors with low quantum efficiency, a high

frequency transistor amplifier and monolithic IC amplifier must be used.
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High frequency transistor amplifier [6.5]

Utilizing an RF small signal silicon bipolar transistor MPS918 (bandwidth 600
MHz), a one-stage common-emitter circuit was designed. Based on the transistor input
and output characteristics (measured with HP model 4145A semiconductor analyzer), we
select suitable resistors and capacitors. The circuit constructed is shown in Figure 6.7.
Figure 6.6 shows the measured detector output waveform with an HP model 54502A 400
MHz digitizing oscilloscope. Except for the circuit using the transistors, a high speed
integrated amplifier described in the next section is also needed to measure the

photodetector bandwidth.

High speed integrated amplifier

A high speed bipolar model AD844 monolithic operational amplifier was
selected. The AD844 IC combines high bandwidth and very fast large signal response
with excellent dc performance.

The AD844 IC can be used in place of traditional operational amps, but its current
feedback architecture results in much better ac performance, high linearity and an
exceptionally clean pulse response. The circuit is shown in Figure 6.8.

To carry out optical measurements on the CulnSe; photodiodes, a spark source
was employed as the light input. The signal generator generates a 5 volts TTL trigger
signal to the spark source. The spark light is allowed to pass through one focus lens to
increase the light intensity and shine on the photodetector. The normal pulse width of the
spark source is 15 ns. Results from a typical CulnSe: detector response are shown in
Figure 6.6. From the Figure 6.6, we can see that the response rise time is short, but
response decay time is long. Hence, the decay time is the main limit for the present
detector bandwidth. The rise time arises from the drift time of photo induced carriers
across the depletion region. The decay time arises from the un-equilibrium carriers
diffusion time. So the rise time is much shorter than the decay time. All of the CulnSe;
detector decay response times were found to be about 15 pus to 20 us. So that the input
optical source can be taken as a § source. Based on the pulse response theory described in

section 6.3.1, we measured the Full-Width-at-Half-Maximum (FWHM) 7. The results
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obtained are shown in Table 6.2. By substituting the values in Table 6.2 into equation

(6.10), the bandwidth of the photodetectors obtained was from 8 kHz to 10 kHz.

6.4 Detectors noise

We have seen in the chapter 2, section 2.1.4, that when light falls on a
photodetector, electron-hole pairs are generated, giving to an electrical current. The
conversion process from light to electrical current is accompanied by a noise. The two
most important noise mechanisms in a photodetector circuit are the quantum noise (or
shot noise) and thermal noise.

Based on the Equation (2.21), the mean square shot noise current is given by
i =2 +1)Af  (6.11)

Where q is the electron charge, I is the photo current. I, is the dark current and Af is the
bandwidth over which the noise is being considered. Since I itself depends on the
incident optical power, the shot noise increases with an increase in incident optical
power.

Another noise is thermal noise (also referred to as Johnson noise or Nyquist
noise) from the load resistor of the photodiode circuit due to random thermal motion of
electrons. This thermal noise superimpose on the signal current generated by the

photodetector. The mean square thermal noise current in a load resistor R, is given by

4k, TAf
INS :.-.—R..-.—-

eq

(6.12)

where kg = 1.38 x 102 J/K is the Boltzmann constant, T is the absolute temperature, and
Af is the bandwidth of detection.

Note that the thermal noise is independent of the incident optical power.
Furthermore, values of R., cannot be increased indefinitely since the detector bandwidth
is determined by R.,.

Using the data in Table 3.1 and Table 3.2, we can obtain the values of dark
current /; of the detectors at reverse voltage 0.5 volts, the series resistance and parallel

resistance. Using the experimental setup shown in Figure 5.3, we can get the detector
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photocurrent /. Note that the photodetector load resistance is 120 ohms and the bandwidth
has been measured in the last section (see Table 6.2). Based on equations (6.11) and
(6.12), we can calculate the quantum noise and thermal noise of the detectors. The rms
quantum noise current and the rms thermal noise current are shown in Table 6.3.
Comparing the thermal noise with quantum noise, we find that former is

dominated in the present devices.

6.5 Conclusions
By selecting a suitable diffusion time for In, we can get an appropriate junction

depth in CulnSe,, which can be optimized for the detector to obtain high quantum
efficiency. The gradual decrease of quantum efficiency towards shorter wavelengths is
partly due to the increase in optical absorption within the illuminated surface and the
active region and partly to the increased carrier loss caused by the surface (or the
interface recombination). The rapid decrease with the increase of the wavelength is due to
the band-gap energy of the active region.

As described in Chapter 2, there are three main mechanisms which limit the
frequency response in photodiodes:
1. The finite diffusion time of carriers produced in the p and n regions.
2. The shunting effect of the signal current by the junction capacitance Cg4. This places

an upper limit of

|

R.C,

e

w,, =<

on the intensity modulation frequency where R, is the equivalent resistance in parallel
with the capacitance Cj.
3. The finite transit time of the carriers drifting across the depletion layer.

The response bandwidths obtained using the above procedure for our photodetectors
were about 8 kHz to 10 kHz. The series resistances of the detectors were less than two
hundreds ohms and the load resistance was 220 ohms. Hence, the total resistance was less
than 500 ohms. The capacitance of the detector was from 50 pF to 100 pF (under reverse
bias). Therefore, the RC time constant is abcut ~10”"second, which is not the main factor

limiting for the operation of the present photodiodes.
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We often consider the transient time of the carrier across the depletion layer. Based
on Equation (4.7), the depletion layer width is from 0.3 pm to 0.8 um. For a 15 ps to 20
us transient time, the carrier drift velocity under a reverse bias of 0.5 volt is only about 1
cm/sec. This is unlikely to be a reasonable result. So we believe that the carrier diffusion
time in the p and n region limits our photodetector response. Since a decrease in the
lifetime of the carriers can increase the photodetectors response time, the carrier lifetime

can be substantially reduced by introducing impurities with deep levels in the forbidden

gap.
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Table 6.1 Maximum quantum efficiency vs. diffusion time for five CulnSe; photodiodes.

. Sample No. LS35A-j | LS1A-c | LS1D-l | LS1E-e | 84HSF65-g
Diffusion time 7 5 3 1.5 4
(minutes)
Maximum 16 42 40 8.2 61
quantum
efficiency (%)

Table 6.2 Resuits of bandwidth of CulnSe. photodetectors.

Sample No. Response time Bandwidth
(FWHM) (ps) (kHz)
LSIA-a 19.3 8.24
LS1A-b 19.7 8.07
LS1A-c 16.7 9.52
LSI1A-d 17.3 9.19
LS1A-e 18.4 8.64
LSID-d 18.3 8.69
LSiD-e 19.5 8.15
LSID-f 20.7 7.68
LSID-h 14.5 10.9
LSID-I 16.7 9.52
84HSF64-c 14.8 9.46
84HSF64-d 17.8 8.03
84HSF64-¢ 16.8 10.2
84HSF64-f 19.8 9.7
84HSF64-g 15.6 10.2
84HSF64-h 16.4 9.7
84HSF64-k 17.4 9.14
84HSF64-1 18.6 8.55
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Table 6.3 Quantum noise and thermal noise in the CulnSe; photodetectors.

Sample No. | Quantum noise | Thermal Noise
(10'2A) (10°A)
LS1A-a 1.43 6.82
LS1A-b 227 7.01
LS1A-c 3.58 7.17
LSIA-d 3.58 6.99
LSlA-e 3.63 6.98
LSID-d 261 6.4
LSID-e 2.84 5.91
LSID-f 2.78 5.94
LSID-h 2.97 7.26
LSID-l 2.57 6.84
84HSF64-c 3.81 7.03
84HSF64-d 3.34 6.91
84HSF64-¢ 3.82 6.78
84HSF64-f 448 6.97
84HSF64-g 5.21 17.72
84HSF64-h 5.65 7.56
84HSF64-k 3.43 7.43
84HSF64- 3.69 7.23
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Figure 6.1 A schematic diagram of the experimental set-up used for the quantum

efficiency measurements of the photodetectors.

o O
o O

IR L L D

20

Quantum efficiency (%)
NN
o

500 800 1100 1400

Wavelength A (nm)

Figure 6.2 Plots of quantum efficiency against wavelength for the five n*p CulnSe;
photodiodes: LS35A-j (7 minutes), LS1A-c (5 minuts), LSD-j (3 miutes), LS1E-e (1.5
minutes), and 84HSF65-g (4 minutes).
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Figure 6.3. Current-voitage curves of a typical photodiode, and the corresponding
detector biasing modes. (a) Forward bias is to the right and reverse bias to the left. (b)
Operation in open-circuit (photovoltaic) mode. (c) Operation in short-circuit mode. (d)
Operation in reverse-bias mode into a voltage amplifier. (e) Operation as an avalanche

photodiode.
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Figure 6.4 The system response function with an exponential decay.
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Figure 6.5 CulnSe; photodetector with a resistive load.
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Figure 6.6 The detector output waveform measured with the HP model 54502A 400MHz

digitizing oscilloscope
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Figure 6.7 Single stage transistor amplifier circuit
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Figure 6.8. Inverting gain of 10 AC AD844 amplifier circuit
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Chapter 7

Conclusions

The main objective of this work is to study effects of indium diffusion on
monocrystalline samples of CulnSe,. To carry out this study, devices in a homojunction
form were employed. The fabrication procedure included polishing surface, evaporation
and diffusion indium, bonding conductive wire, and etching the exposed indium. It was
found that the surface preparation of CulnSe; samples is the key to obtaining photodiodes
with a high quantum efficiency. Both diffusion time and temperature during the junction
formation, treating time and temperature after the junction formation were optimized. It
was found that diffusion for a period of time from 4 to 5 minutes at 200°C and post-
treating for a period of time of 10 minutes at 100°C gave the best results. The quantum
efficiencies of the photodiodes were as high as 60%.

Room temperature current-voltage measurements were carried out after each
fabrication step for the photodetectors. The relationship between quantum efficiency,
junction depth, surface recombination velocity, and minority carrier diffusion length were
analyzed. From the present samples, it is believed that the quantum efficiency of CulnSe,
photodiode can be improved by optimizing the junction depth.

The dark current-voltage characteristics of the CulnSe; photodiodes were also
measured. It was confirmed that the diffusion current and recombination current or
surface leakage current are comparable to that due to the dark current transport for the
homojunctions in monocrystalline CulnSe,. It was further noted that rinsing with
ammonia was not always beneficial to photodiode performance.

In addition, capacitance, voltage and frequency response measurements were
performed. It was found that at a given biasing voltage, the capacitance value decreased
when the measuring frequency was increased. This result indicated that deep defects exist
in the material.

A photocurrent and capacitance method was used to determine the diffusion

length of minority carriers. The method is simple and does not require accurate values of
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the optical absorption coefficient. The choice of optimum wavelength for the experiments
appears to be determined by the band-gap value. In these experiments, monochromatic
light source was used. The value of electron diffusion length obtained for the present
photodiodes was less than | um. This value can serve as a reference for the future
Jjunction depth design for the CulnSe; photodiodes.

The quantum efficiencies of the photodetectors were also measured. The
conditions for fabrication of photodetectors of large quantum efficiency were determined.

Finally using a spark source, the bandwidth of photodetectors was measured and
analyzed. It is believed that the frequency response of the CulnSe, homojunction
photodetectors is limited by its carriers diffusion time.

To summarize the thesis, some possible further work is suggested here. Firstly,
the preparation of surfaces of CulnSe; must be improved and an improved bonding
methods must be developed. Secondly, impurity concentration in CulnSe; crystal should
be increased further in order to reduce carrier diffusion time and increase photodetector
response speed. Finally, an anti-reflection layer should be applied in order to improve the

quantum efficiency.
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