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STUDY ON P-N JUNCTION GALLIUM ARSENIDE
A VA LANC HE P HO TODIODES

I. INTRODUCTION

The extension of coherent and incoherent light sources into the

far infrared region and the ultraviolet region has resulted in a need

for high-speed sensitive photodetectors. The most promising solid-

state detector with internal current gain is the avalanche photodiode.

It makes use of impact ionization in the high field region of a revers e-

biased p-n junction. For small area devices, current gains (photo-

multiplication factors) in excess of 104 for silicon, Si (1), and 200 for

germanium, Ge (27), have been reached at room temperature.

The general configuration of avalanche photodiodes is shown in

Figure I-1. These diodes are operated in a high reverse biased region

which causes avalanche breakdown. Incident light falling on the active

area of a photodiode produces electron-hole pairs, and these pairs

are separated by the high electric field in the junction. Prior to the

collection of these photocarriers by the high field, ionization of the

electron-hole pairs occurs and the result is an increase of current.

A significant amount of research has been made in the study of

photodiodes. Silicon (1, 3, 13, 14) and Ge (27) avalanche photodiodes

with high current gain and relatively low excess noise have been

achieved. Silicon avalanche photodiodes can operate over the visible
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(a) Planar diode with diffused guard ring (1).

P -type

(b) Mesa diode with diffused guard ring (27).

Figure I-1. Avalanche photodiodes configurations.
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range of the spectrum from 0. 4 microns to about 1. 1 microns in the

near infrared. Germanium avalanche photodiodes detect light from

the visible part of the spectrum from 0. 4 microns to approximately

1. 6 microns in the near infrared region. Germanium, if not properly

cooled, has higher excess noise and a higher leakage current than Si

avalanche photodiodes. Indium arsenide, In As (20), and indium

antimonide, InSb (2 ), avalanche photodiodes have been fabricated, and

found to detect light with wavelengths ranging from 0.5 to 3. 5 microns

for In As and from 0. 5 to 5. 5 microns for InSb. The wavelength depen-

dence of the above photodiodes is shown in Figure C-1 in Appendix C.

Schottky barrier avalanche photodiodes with a thin layer of

platinum on gallium arsenide, pt-GaAs, were studied by Lindley et al.

(16). Their study showed a current gain of 100, gain-band v-idth pro-

ducts greater than 50 GHz and signal-to-noise ratio in excess of 30 dB.

A literature search has disclosed that no research work has

been accomplished for p-n junction GaAs avalanche photodiodes. The

purpose of this paper is to present a design and fabrication procedure

for p-n junction GaAs avalanche photodiodes. Characteristics of the

device in terms of multiplication factor are included.

Planar and mesa type GaAs diodes with shallow junctions were

fabricated. Pyrolytically deposited silicon dioxide, SiO2, film was

used to mask against the diffusion of zinc into selected areas of the

substrate. Ohmic contact to the substrate was formed by alloying tin
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to the wafer. The tin film was then covered by an evaporation of

silver film for improved conductivity of the contact. The diffused

regions in general had low resistivity and appeared to have good ohmic

contact without any need for specially prepared surfaces. In an

attempt to achieve a high avalanche breakdown voltage, the diameter

of the zinc diffused junction area was kept very small (as small as

60 microns). A large leakage current was observed for the planar

type diodes compared to the mesa type diodes. For this reason, only

mesa diodes are evaluated. Mesa diodes with active junction dia-

meters of 60 microns (see Figure IV-1, page 33) were used for

measuring photocurrent responses to tungsten light and the He-Ne

laser. Measured photomultiplication factors ranged from 12. 3 to

14. 8. Junction uniformity was tested by measuring the variation of

photomultiplication factors at different locations of the active area by

sweeping a focused He-Ne laser light across the area, A 10 percent

deviation was observed. For fixed bias, various intensities of the

Ne-Ne laser were used for photocurrent measurements. A linear

relationship between the intensity and photocurrent was obtained.
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IL THEORY

Avalanche Multiplication

When a p-n junction is reverse-biased to a sufficiently high

voltage, a breakdown occurs and a large current begins to flow across

the junction. McKay and McAfee (24) have shown that charge multi-

plication can occur in reverse-biased p-n junctions through an

avalanche process. This multiplication is due to electron-hole pairs

colliding with the lattice and creating more electron-hole pairs under

the influence of the large biased field. Furthermore, McKay (25)

applied Townsend's mechanism for gas discharge to measure reverse

currents as a function of the bias in Si and Ge p-n junctions.

The avalanche multiplication is derived from the ionization

integral which determines the breakdown equation. Assume the

avalanche process is initiated by holes and a hole current I (x) is

incident at the left-hand side of the depletion region of width w. This

is illustrated in Figure II-1. If the electric field in the depletion

region is sufficiently high, electron-hole pairs are generated by the

impact ionization process, and the hole current I (x) will increase as

x increases from x = 0 to x = w. It reaches a value M
P

I
P

(0) at x = w.

The multiplication factor of holes Mn is defined as

(w)
M

P I (0)
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Figure II-1. Schematic representation of impact ionization
processes in an n-p junction. In this example
there are two ionizing collisions, the first by
the primary hole, and second by the electron
produced in the first collision, as it travels
back to the primary source.
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The ionization integral equation is written in terms of hole and electron

ionization rates (a and and an respectively) as

1 -
1

j-
oaexp [- - a n)dx1 dx

0

If the avalanche process is initiated by electrons instead of holes, the

ionization integral is given by

1
1

Mn

w

an exp [-
0

a )dx11 dx

where Mn is the multiplication factor of electrons.

For semiconductors with equal ionization rates (ap = a
n

= a), which

is the case for GaAs as determined by Logan and Sze (18),

equations (II-2) and (II-3) reduce to the simple expression

1 - 1 = a dx . (II-4)
0

Obviously, M = Mp = Mn. The avalanche breakdown voltage is

defined as the voltage where M approaches infinity. Hence the break-

down condition is given by

ca dx = 1 .

''0

Photomultiplication

When photons are incident upon a photodiode biased in the

avalanche breakdown region, electrons and holes are generated and

multiplied in the junction region. This process is called
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photomultiplication. The photomultiplication factor, Mph, is defined

as the multiplied photocurrent, Imph, divided by the photocurrent,

I h, at low voltages where no carrier multiplication takes place:

Mph -ph

rap.111-

I

I
p

where I is the total output current, Ip the primary current, Ld the

(II-6)

dark current, and Imd the multiplied dark current. The photo-

multiplication factor Mph can be described by the empirical relation

introduced by Miller (28):

1

Mph
1

(V )n
v b

where Vb, is the breakdown voltage, V (V <Vb) the applied voltage,

and n a constant depending on the semiconductor material, doping

profile, and radiation wavelength (27). The carrier multiplication

factor, M, defined by Equation (II-1) can also be written as the ratio

of the total output current I to the primary current I and in terms of

the applied voltage V:

M IP

1 (II-8)
1 - V IR n

)
v b

where R is a differential resistance which is defined as the sum of
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three parts:

(1) the series resistance of the contacts and the bulk material,

(2) the resistance due to carriers drifting through the space-

charge layer, and

(3) a thermal resistance caused by power dissipation which

heats the junction.

The resistance R is present not only for the breakdown current in the

dark diode, but also for any current flowing through the diode. The

difference between Mph and M is illustrated in Figure II-Z.

Usually the dark current which occurs before breakdown is

very small. Thus we can assume that Id = 0 for V Vb. Also when

V is greater than Vb, the dark current due to carrier multiplication

becomes Imd' which is determined by the differential resistance, R,

as

Imd
V- Vb

Under the above optimum condition, M is approximately equal to

the maximum photomultiplication factor Mph max °

(II-9)

Then putting

Equation (II-8) in series expansion we have the following approximation.

V b
M Mph max nIR

Eliminating I in Equation (II- 10) and (II-8) we arrive at the relation

Vb
M ph max = n R I
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<E Dark cu rent
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c Vi

Total output current

M =

Imph I - Imd EF
ph Iph I - I

p d
BC

Imph + Imd DF
M Ip Iph + Id AC

Figure 11-2. The photomultiplication Mph and the carrier
multiplication M.
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When the V-I characteristics of a photodiode are measured,

Mph can be determined as a function of voltage V. Fitting the curve of

Mph vs. V to Equation (II-7), one can find the value of n. Next, the

value R is determined from Equation (II-9). Finally, from Equation

(II-11) Mph max can be found.

Optical Absorption and Electron-Hole
Pair Generation

There are two principal types of semiconductors: direct-gap

and indirect-gap semiconductors (42). In indirect-gap semiconductors

(Ge, Si and AlSb), the minimum of the conduction band edge and the

maximum of the valence band edge in momentum space occur at

different values of vector 1 (wave number) whereas in direct-gap

semiconductor (GaAs, InSb, CaS and ZnO), the band extrema have

the same value of vector 1. The absorption coefficient a is defined

as the reciprocal of the distance that light travels through a medium

such that the energy of the light is reduced by a factor of 1/e, where

e is the base of the natural logarithms.

Photons of energy greater than band-gap energy incident on the

semiconductor will create electron-hole pairs in the semiconductor.

Most of the electron-hole pairs are created within a depth of the order

of 1 /a . These pairs must be separated before a photocurrent appears

in the external circuit. Separation is accomplished by drift in the

high electric field of the p-n junction. For pairs created in the
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junction region, separation occurs directly in the junction. Pairs

outside the junction region must first diffuse to the junction before

the separation can occur. In ordinary circumstances this diffusion is

a relatively slow process. Therefore, for high speed photodiodes,

carriers far remote from the junction must be excited for rapid

diffusion to the high field region of the junction.

Elimination of Microplasma

The major criterion for the design of an avalanche photodiode

is the elimination of microplasmas; i. e. , localized spots at which the

diode breaks down prematurely (13, 17, 32). In general, there are

three areas of the diode in which microplasmas can occur (27):

(1) junction corners where the curvature of the junction

produces higher local field intensities ( 9, 35),

(2) surfaces where surface irregularities can allow surface

breakdown ( 8, 9), and

(3) inhomogenities in the bulk of the junction itself ( 3, 19).

Microplasmas in areas (1) and (2) can be effectively eliminated by

the use of guard rings (Figure I-1); i, e. , regions of high breakdown

voltage around the active area of the device (1, 3 , 10, 27). The

guard ring must have a lower impurity gradient at the junction and a

sufficiently large radius of curvature such that the central region

breaks down before the surface of the ring. The probability of
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microplasmas occurring in area (3) can be minimized by using sub-

strate material of uniform impurity concentration and low dislocation

density, and by designing the active area as small as possible.
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III. PRE-FABRICATION

Fabrication of a usable photodiode consists of the proper

sequence of photoresist and oxide masking, impurity diffusion, and

metalization (40). Each step was extensively tried, tested and

evaluated in several different ways in an attempt to adopt the best

possible approach. In the early part of the project a considerable

amount of time was spent in determining an optimum sequence for the

fabrication. In this chapter, a summary of the preliminary work is

described to show how the decision was made for the actual device

fabrication. In the next chapter the actual procedures for making the

photodiodes will be presented.

Surface Polishing

Before the diffusion process, the surface of the GaAs wafer

should be clean and free from surface imperfection. The cleanliness

of the wafer surface and the crystalline perfection make a subtle

influence on the diffusion profile. Small foreign particles on the

surface during diffusion can interfere seriously with the uniformity of

the diffusion profile. Crystalline imperfections can serve as sites

for the localized concentration of a diffusant and can result in degrada-

tion of the electrical properties of the p-n junction.

Foreign particles on the surface and surface imperfections can
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be removed by a chemical etching technique. Chemical polishing

solutions ( 5 , 30, 31) listed below were tested:

(1) 3H2SO4 H2O : H202,

(2) HF 3HNO3 2H20 to 5H20 0 and

(3) HCl : HNO3 : H2O.

The smoothest polished surfaces were obtained by using a

solution of 3H
2
SO4 : H20 : H202 heated to a temperature of 30 oC to

40
oC during the etching process. The etching rate of this solution

was in the range of 3 to 5 microns per minute. Etching rates of the

solutions (2) and (3) were much higher--50 microns per minute--but

the results were poor due to a great number of pits created on the

etched surface.

Although mechanically lapped methods using the Cr2O3 paper

gave the best mirror-face-like surface, diodes fabricated from wafers

polished by this mechanical method had larger leakage currents than

chemically polished diodes. The mechanical polishing method required

a greater amount of time to complete. Therefore, a warm etching

solution of 3H2SO4 : H2O : H202 was chosen for polishing GaAs.

Zinc Diffusion

The one-dimensional diffusion process is given by Fick's

second law (the continuity equation) and the diffusion profiles of

impurities can be approximated by solving the Fick's equation. The
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solution is given by the complementary error function or Gaussian

function, However, zinc diffusion in GaAs is anomalous. The

diffusion profile has a steep front near the p-n junction and the diffu-

sion coefficient is strongly dependent on the zinc concentration ( 4,

11, 21, 23, 37, 38). These anomalies have generally been interpreted

in terms of an internal-substitutional model (Appendix A).

In the following, the discussion is broken into three parts:

(1) predeposition, (2) pyrolytically deposited silicon dioxide film,

and (3) drive-in diffusion.

The Predeposition Step

The predeposition step is typically performed by placing the

semiconductor sample in a furnace with an inert gas containing the

desired impurities. For GaAs, the diffusion step is different and

performed without an inert gas. Impurity diffusion in GaAs is carried

on in an evacuated quartz ampoule to prevent the decomposition of the

compound by loss of arsenic and to maintain cleanliness during

diffusion.

The chemically polished wafer was located at one end of the

quartz ampoule and 1 mg of zinc at the other end as shown in Figure

III-1. The volume of the ampoule was approximately 8 cc. The

ampoule was sealed onto a vacuum system until the pressure was

reduced to 10-4 mm Hg and subsequently tipped off from the vacuum
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Figure III-1. Quartz ampoule for zinc diffusion into GaAs.

system. The ampoule was placed in the diffusion furnace at a

temperature of 800°C. Diffusion depths, X., versus diffusion time,

t, were measured and the results are shown in Figure 111-2. X. was

determined by angle lapping with 0.5 micron Cr2O3 paper and subse-

quent etching with a solution of 3HC1 5H20 o HNO3 under an illumina-

tion of visible light for 2 to 4 minutes to reveal the p-n junction (23).

The zinc diffused surfaces and revealed junction fronts were

observed through a microscope. Generally, for the diffusion time of

approximately 5 minutes or more the diffused surfaces tended to be

deteriorated and the junction fronts appeared to be non-planar. This

surface deterioration was caused by the decomposition of the compound

through loss of arsenic. The non-planar junction front was due to the

presence of dislocations in the crystal structure of the substrate. The

fast zinc diffusion took place through the dislocations and made a non-

planar junction front. When t was less than approximately 5 minutes,
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planar junction fronts and undeteriorated diffused surfaces were

observed.

Figure III -2 shows that X.'s are proportional to t for X, smaller

than approximately 20 microns with a slope of 4.67 microns per

minute. Exceeding this value, the deviation from a linear relationship

is very obvious.

Pyrolytically Deposited Silicon Dioxide Film

Pyrolytically deposited silicon dioxide, SiO2, film for blocking

zinc diffusion into GaAs was tested. A film of SiO
2

was deposited on

chemically polished GaAs surface. During the SiO2 film deposition,

the wafer was kept at a temperature of 420°C. The growth rate of

SiO
2

film was approximately 850 A per minute.

Pyrolytically deposited SiO2 film was found to mask effectively

against the diffusion of zinc into GaAs. For given film thickness, the

diffusion time was limited for effective protection. If the diffusion

time was prolonged, the zinc was found to be able to diffuse through

the film. Table III-1 shows the diffusion time and the depth of diffu-

sion through the film. The amount of the zinc source and diffusion

temperature were kept at 1 mg and 800 oC. respectively. After

diffusion, the sample was angle lapped (0. 3°), and subsequently etched

to check if a p-n junction was formed.
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Figure 111-2. Diffusion depth vs. diffusion time for predeposition;
diffusion temperature: 800°C.
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Table III-1. Zinc diffusion masking in GaAs.

Thickness of Diffusion Diffusion Diffusion
5i02 film time temperatureoc) depth

(X)
(min. ) ( (p-)

700 E"`-'800 20 800 o. 6

1500 120 800 0. 3 ,.--, O. 6

1500 30 800 0

4500 180 800 0

The results obtained showed that diffusion masking can be

successfully achieved by using a proper oxide film thickness.

Drive-In Diffusion for Guard Ring

As mentioned in Chapter I, best Si and Ge photodiodes are those

with guard rings. Similar attempts were made to fabricate GaAs

diodes with guard rings in this study. However, it was found that

serious technical difficulties made the fabrication unsuccessful. The

fabrication of guard ring structure requires two steps; i. e. , pre-

deposition and drive-in diffusion. In this section, the work on drive-in

diffusion is briefly described.

The drive-in diffusion process is a further high temperature

heat treatment of the diffused substrate without addition of any

impurities. This results in increased diffusion depth and in a lower

surface concentration.

Predeposition was made with a SiO
2

deposited wafer through the
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window openings of ring shape of inner diameter of 50 microns and

outer diameter of 90 microns. The procedure was exactly the same

as described in the Predeposition Step section. The SiO
2

film thick-

ness was 4000 A. After the completion of the above step, SiO2 film

was removed and another new SiO
2

film of 4000 A was deposited on the

sample surface. The sample was placed in a quartz ampoule evacu-

ated to 10-4 mm Hg before it was sealed. The drive-in diffusion was

accomplished in an 850 oC furnace from 5 hours to 36 hours. The

diffusion depth was determined by the angle lapping method. Figure

III -3 shows X. measured against t. The relationships between Xj and

t were linear and the diffusion slopes were 0. 135 to 0,175 microns

per hour.

After the predeposition step, the junction depth was observed

under a microscope. A lateral diffusion was observed along the inter-

face of the substrate and SiO
2

film. Increasing the predeposition

diffusion time, the lateral diffusion was emphasized and the boundary

between the zinc diffused area and non-diffused area disappeared.

After drive-in diffusion for certain lengths of time, the junction depth

was deepened but the non-planarity of the junction front was pro-

nounced.

Because of these reasons, fabrication of guard rings was not

adopted in the present study.
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Figure 111-3. Diffusion depth vs. diffusion time for drive-in diffusion;
diffusion temperature: 850°C.
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Ohmic Contact

The zinc diffused region (p-type) achieved good ohmic contact

without a specially prepared surface. However, connecting a metal probe

to the n -type GaAs substrate usually resulted in a non-ohmic contact.

Thus the tin alloy method (12) was used for getting ohmic contact on

n-GaAs substrate.

Figure 111-4 illustrates the sequence of the ohmic contact

process. A 4000 A SiO2 film was deposited on the chemically polished

n-GaAs surface. The SiO
2

film was partially opened using photoresist

techniques and the sample was set in a vacuum evaporator (Mikros

Inc., Portland, Oregon) and 2 mg of Sn was used in the evaporation

boat. The distance between the boat and sample was set to 15 cm.

The bell jar was evacuated to a pressure of 2 x 10-4 mm Hg. The Sn

was evaporated at current of 20 amps for 2 minutes, and the region

where the Sn film covered the Si02 film was removed by the photoresist

technique. The etching solution used was 9E120 HNO3. The sample

then was alloyed at 550°C in nitrogen gas for 10 minutes. After the

alloying process, the sample was again placed into the evaporator for

depositing silver film. The same photoresist and etching procedures

were used to remove the undesired Ag film covering the SiO
2

film.

The etching solution consisted of 10 ml of orthophosphoric acid, 10 ml

of deionized water and 2 drops of the polishing solution, which was
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Sn
alloyed
layer

(c) Sample after photoresist
and etching process

(d) Sample after evaporation
of Ag

Sn alloyed layer
Ag film

(e) Sample after photoresist
and etching process

Figure 111-4. Sequential procedures for making ohmic contact on
GaAs substrate.
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prepared according to (15). The sample was then baked at 150 oC for

5 minutes. The ohmic contact testing of the n-type GaAs diode are

shown in Figure 111-5.

Breakdown Voltage and Leakage Currents

Since the maximum photomultiplication factor Mph isph max

proportional to the square root of the avalanche breakdown voltage Vb

(Equation II-11), Vb should be made as high as possible. It is also

important to minimize the leakage current near breakdown in order to

achieve high Mph max*

For both planar and mesa diodes the diameters of diffused

junctions were reduced from 1000 microns to 60 microns and the

change in the voltage-current characteristics of each diode were

observed on a curve tracer. In fabricating the diodes, the diffusion

time and diffusion temperature were kept constant at 2 minutes and

800°C, respectively.

As shown in Figure 111-6, for diodes of planar structure with

diameter of 1000 microns, Vb was 6 volts. The Vb was improved

to 8 volts when the diameter was reduced to 620 microns.

When the diameter was further reduced to 120 microns, Vb was

significantly increased to about 20 volts. In Figure 111-7, one can see

that the mesa diodes with an active area of 120 microns in diameter

experienced a V
b

of 20 volts. When the diameter was further
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Figure 111-5. The ohmic contact testing (Rs is sheet resistance in
ohms per square).
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Figure 111-6. Reverse current vs. voltage characteristics for
planar diodes with different active area sizes.
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Figure 111-7. Reverse current vs. voltage characteristics for two
different active area sizes.
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reduced to 60 microns, V
b was increased to 28 volts. These results

indicate that reduction of the junction area can improve the breakdown

voltage, which is mainly due to the minimization of defects in the bulk

GaAs. It is interesting to observe in Figures 111-6 and 111-7 that for

the two types of the diodes with the same diameter of 120 microns and

the same bias voltage of 20 volts, the leakage currents are quite

different, 200 p.A for the planar type and a negligibly small current for

the mesa type.

The impurity concentration of the n-GaAs wafer was measured

to be 4 x 1016 cm 3. According to (36), the avalanche breakdown

voltage should be 30 volts. Therefore, a V
b

equal to 28 volts for the

60 micron mesa diode was close to the predicted value.

Reduction of the zinc diffused area resulted in an increase of the

avalanche breakdown voltage in both the planar and the mesa structures.

Since the mesa structure exhibited negligible leakage currents, the

mesa structure was chosen in this study. The minimum diameter

obtainable was 60 microns, which was limited by the photomask tech-

niques adopted in this study.

Junction Depth

When light of photon energy greater than the energy gap of a

semiconductor is incident on its surface, electron-hole pairs are

created in the semiconductor within a depth of the order of 1/a. The

absorption coefficient, a, of GaAs increases sharply near the energy

gap. Taking the value of a to be 104 cm -1 (29), the majority of
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the electron-hole pairs will be created within a depth of the order of

about 1 micron. If the p-n junction depth is made less than 1 micron,

the electron-hole pair will be generated near the junction and the

device is very effective in photo-detection.

Therefore, junction depth of 0. 7 microns was chosen in fabricat-

ing the actual diodes. The desired junction depth was realized by

enclosing 1 mg of zinc along with n-GaAs wafer in a quartz ampoule

at 800 oC for 2 minutes.
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IV. FABRICATION PROCEDURE

In the preceding chapter, optimum methods of GaAs photodiode

fabrication were sought for all the fabrication processes. In this

chapter the actual sequence for GaAs photodiode fabrication procedure

is described.

Selenium doped n-type single crystal gallium arsenide, GaAs, was

used as the basic material. The carrier concentration was estimated

to be 4 x 1016 cm-3 by using the four-point probe resistivity measure-

ment (33, 36, 39).

The GaAs wafer was first cleaned by rinsing in trichlorethylene,

acetone, methanol and deionized water. It was then etched to approxi-

mately 250 microns to 350 microns in thickness with a warm (30

40
oC) etching solution of 3H

2
SO

4
H

2
0

2
H2O for 10 minutes to 15

minutes followed by a deionized water rinse.

The chemically etched GaAs wafer was placed in a quartz

ampoule of approximately 8 cc with 1 mg of p-type dopant, zinc, for

the diffusion cycle. The quartz ampoule was then sealed onto a

vacuum system until the pressure decreased to 10-4 mm Hg, and was

subsequently tipped-off from the vacuum system. The ampoule was

placed in a diffusion furnace at a temperature of 800°C for 2 minutes.

This resulted in a diffusion depth of 0. 7 microns and a surface

impurity concentration of 6.0 x 1019 cm-3 (2. 38 x 10-3 c2 -cm).
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After the diffusion process was completed, the ampoule was

water-quenched to prevent condensation of zinc on the surface of the

specimen. Then the zinc diffused slice was washed in hot HC1 for

2 minutes to remove any excess zinc from the surface.

Next, the ohmic contact to the back surface (n-side) was made

by the Sn alloy method. First, the back surface of the wafer was

lapped with silicon carbide powder, grit no. 600, to eliminate zinc

diffused areas. Then the front surface (zinc diffused surface) of the

sample was covered with wax. The wafer was etched in HC1 o HNO3

H2O solution for 30 seconds to prepare the back surface for ohmic

contact. After removing the wax, Sn was evaporated onto the etched

n-GaAs surface, then alloyed at 550°C in nitrogen gas for 10 minutes,

followed by an evaporated layer of silver.

After n-type ohmic contact was made, the sample was cleaned

by rinsing in trichlorethylene, acetone, methanol and deionized water.

Mesa patterns were printed on a zinc diffused surface by the photo-

resist method and the sample was mesa etched with a solution of

HC1 HNO
3

° H2O for 15 to 20 seconds. Again the sample was cleaned

by rinsing in trichlorethylene, acetone, methanol and deionized water.

The photograph of the photodiodes fabricated is shown in

Figure IV-1. As one can see in the photograph, there are two kinds

of diodes, with diameters of 60 microns and 120 microns. Since the

diodes of larger size had lower Vb, the device evaluation was made
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only with the 60 micron diodes. The cross section of the 60 micron

diode is shown in Figure IV-2.
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Figure IV-l. Photograph of the zinc diffused GaAs mesa photodiodes.

P layer (0. 7 p.)
2.38 x 10-3 as -cm

N type GaAs 0. 05 c2 -cm Sn alloyed
layer

-N%%N%%%wmNx%%vxxxxxv...w..1. '...\\XSXSSNNVI.V.01101.

Ag film

Figure IV-2. Cross section of GaAs mesa photodiode.
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V. MEASUREMENTS AND RESULTS

In this chapter, we will describe how the device is evaluated

in terms of the multiplication factor M h, the junction uniformity,

and the linearity of the photoresponse. The V-I characteristics of the

diode are the basis for determining Mph and Mph max Comparison of

the values of Mph max as determined by Equation (II-11) to those

obtained experimentally is also given. Next,a section of the measure-

ment of junction uniformity is presented, where a focused laser beam

was employed. Finally the test on device linearity will be stated.

Voltage-Current Characteristics

In this section, the measurement of the V-I characteristics of

the diode with two different light sources will be described. Tungsten

and He-Ne laser light sources were used. The actual spectrum of the

tungsten source was unknown, but a representative spectral curve at

3000°K is shown in Figure V-1 to reveal the broad coverage in wave-

length ( 7 ). For the He-Ne laser case, the most common emmision

line ( 6328 A) ( 6 ) was used in the measurement.

Measurement with Tungsten Light

As seen from Figure V-1, most of the energy in tungsten light

is contained in the wavelength range from approximately 0. 2 microns
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Figure V-1. Spectral emissivity of tungsten for wavelength (7).

to 2.2 microns. It is known that the long wavelength cutoff of GaAs is

0. 87 microns (Appendix B). Thus a photon which has a wavelength

shorter than 0. 87 microns can overcome the energy gap of GaAs.

The tungsten light with and without an optical filter was focused

on the active area of the GaAs photodiode with a lens. The V-I

characteristics without a filter are shown in Figure V-2, curve I.

(The curve tracer used was Tektronix Type 576. ) The total output

current increased from 35 nA at zero voltage to 480 nA at 28 volts.

The maximum photomultiplication factor Mph max at 28 volts was

estimated from the curve to be 13.5.

As mentioned before, tungsten light has a broad spectrum. If a

portion of the spectrum in the shorter wavelength side is blocked by an
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Figure V-2. Voltage-current characteristics of the photodiode
measured with tungsten light source.
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optical filter, photoresponse would change, and, in turn, the photo-

multiplication factor Mph would be different. The experiment was

conducted by placing a filter between a tungsten light source and the

lens. The filter transmits light of wavelengths larger than 0.66

microns. By light filtering, usable incident light with a wavelength

range of 0.66 microns to 0. 87 microns was left. The V-I character-

istics with the filter are shown in Figure V-2, curve IL

The percentage of transmission of the filter was about 80 in the

useful region. This reduced the intensity of the incident light reaching

the active area of the photodiode and resulted in reduction of total out-

put current. With the filter, Mph was 12. 8 at 28 volts.

Measurement with He-Ne Laser

The He-Ne laser emits light of 6328 X or 1. 96 eV in photon energy.

The spectral width is extremely narrow, of the order of 109 Hz.

Because the photon energy of the laser is greater than the GaAs energy

gap Eg, transition of the electrons from the valence band to the con-

duction band occurs readily.

The He-Ne laser was focused onto the active area of the photodiode

with a lens. The V-I characteristics were measured with two different

methods merely for double checking the measured data. The first

approach was to measure the characteristics with a calibrated lock-in

amplifier (Princeton Applied Research, Model 121). The light beam was
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chopped at a frequency of 13 cps. Data were taken from the panel

meter of the lock-in amplifier point-by-point. The second method was

the same as the previously described in the last section; i. e. , with

the Tektronix curve tracer. The characteristics obtained from the

two different approaches were the same; these are shown in Figure

V-3. There are two sets of curves given in the figure. The current

level in Figure V-3 (a) is much larger than that in Figure V-3 (b),

which shows the device behavior for currents below 100 nA. Various

values of I were used in the measurement. The primary current I

was adjusted by reducing the laser output with a neutral density filter.

Photomultiplication Factors

This section is mainly devoted to the computation and discussion

of Mph and Mph max' Firstly, Mph values were computed from the

measured curves in Figures V-2 and V-3. The results are plotted in

Figure V-4. Only I = 35 nA for both tungsten and He-Ne sources was

used. Secondly, with the measured curves shown in Figures V-2 and

V-3, values of Mph max were computed from Equation (II-6). In the

computation, Iph was set to be equal to Ip, since the dark current Id
I-I,d

was extremely small at low voltage. Thus Mph I The values

are tabulated in Table V-1.

It has been pointed out that Mph max can also be obtained from

Equation (II- 11) if values n and R are known. The value of n was
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Figure V-3 (a). Voltage-current characteristics of the photodiode for
different primary currents measured with He-Ne
laser source.
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Figure V-3 (b). Voltage-current characteristics of the photodiode for
different primary currents measured with He-Ne
laser source. Notice the increase in current
s ens itivity.
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Figure V-4. Photomultiplication as a function of voltage obtained from
Figures V-2 and V-3.
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Table V-1. Measured maximum photomultiplication factor.

Light source
IP
(nA)

Imph
(nA)

M
ph max

Tungsten light 30 385 12.8
35 455 13.5

He-Ne laser 3. 5 43 12. 3
6 78 13. 0

35 520 14. 8

The values of Mph max occur at 28 volts.

determined by fitting the curve of Mph vs. V to Equation (II-7). The

average value of n was found to be 3. 7 for tungsten light and 3. 5 for

He-Ne laser. Using Equation (II-9), R was calculated to be 8. 8 x 105

ohm. The Mph, values were then calculated from Equation (II-11)

for different values of I . The results are tabulated in Table V-2.
p

Table V-2. Maximum photomultiplication factor
calculated from Equation (II-11).

Light source
IP

(nA)
Mph max

Tungs ten light 30 16. 9
35 15. 8

He-Ne laser 3. 5 51. 0
6 38. 9

35 16. 1

V b = 28 volts; R = 8. 8 x 1050 ; n = 3. 7 for
tungsten light, 3. 5 for He-Ne laser.

It is noted that Mph max values in Table V-1 compare favorably

with those in Table V-2 if I is high, but very poorly when I is low.
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The reason is that Equation (II-11) is not valid when the dark current

I md near breakdown voltages is comparable to the total output current

I, which is the case in the present study.

Junction Uniformity

There is a major factor that determines the spatial uniformity

of the multiplication factor, which is the crystalline imperfections in

the GaAs substrate. Fast zinc diffusion takes place in the presence of

imperfections and junctions tend to be non-planar. The junction

uniformity measurement is presented here.

A He-Ne laser beam was focused on the photodiode with the beam

spot size of approximately 15 microns in diameter. The focused light

spot was swept across the active area of the device, and the photo-

multiplication factor Mph was measured at different positions with the

applied voltage kept at 28 volts. The average value of Mph was 14.0

and the multiplication factor was found to be constant within 10 percent.

Therefore, the p-n junction of the photodiodes was relatively uniform

and there were not too many crystal defects.

Linearity Measurement

It is desirable to know whether there exists a linear relationship

between the number of incident photons and the number of free

electron-hole pairs produced (Appendix C). This relation was tested
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with a He-Ne laser source and a lock-in amplifier.

Intensity of He-Ne laser was adjusted with a filter (Kodak

Projection Print Scale) which was placed in front of the GaAs photo-

diode. The current of the photodiode was measured as a function of

relative intensity with applied voltage as a parameter. Measured

results are shown in Figure V-5.

As can be seen, the current and the light intensity have indeed a

linear relationship.
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Figure V-5. Photocurrent vs. relative intensity of He-Ne laser light
source for different bias voltage V.
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VI. CONCLUSIONS

The maximum photomultiplication factors of the p-n junction

GaAs avalanche photodiodes fabricated in this study were 12. 3 to

14. 8. These values are low when compared to Si (1), Ge (27) and

Pt-GaAs (16) avalanche photodiodes.

Improvement of photomultiplication factor is possible by

reduction of leakage currents. Leakage currents can be effectively

prevented by fabrication of a guard ring around the active area of the

device. Severe lateral diffusion during the zinc diffusion cycle and

unflat diffusion fronts are the main reasons that a GaAs photodiode

with a guard ring structure could not be realized.

It is suggested that the use of a rf sputtered A1203 film (22, 34)

for diffusion mask and zinc diffusion under a high arsenic vapor-

pressure (23) will effectively prevent the lateral diffusion and unflat

junction front. Thus fabrication of a guard ring would be possible and

photomultiplication factor may be increased.
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APPENDIX A

INTERSTITIAL-SUBSTITUTIONAL DIFFUSION (41)

Some impurities in semiconductors can exist in significant

quantities in both interstitial and substitutional positions in the crystal

lattice. An interstitial atom can become substitutional by entering a

vacant site, or it may even become so by displacement of one of the

host atoms by a collision process (interstitialcy mechanism). The

available evidence suggests that in semiconductors the interstitial-

vacancy reaction is more important than the latter, at least under

equilibrium conditions.
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APPENDIX B

WAVELENGTH RESPONSE

In order to produce free carriers, the incoming radiation must

have an energy greater than the energy band gap, Eg, of the semi-

conductor material, i. e. , at h,v> Eg an electron in the valence band

is able to absorb a photon and transmit it to the conduction band. This

establishes the long wavelength cutoff. For GaAs, Eg is 1. 43 ev (at

300o k) so the wavelength cutoff is about 0. 87 microns. A short wave-

length cutoff also exists because short wavelength radiation is absorbed

very near the surface, and the carriers recombine before reaching the

junction region. Long and short wavelength cutoff of several photo-

diodes is seen in Figure C-1 of Appendix C.
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APPENDIX C

The general expression for the conversion of an incident photon
stream of average power Po

P
and optical frequency v into a primary

photocurrent Iph is

q P opt
Iph = h v

with P opt /h = average number of incident photons per unit time,

I = average number per unit time of electron-hole pairs collected
Ph

across the junction region of photodiode, and II = quantum efficiency

(26). In the above equation the symbol q represents the magnitude of

the unit electronic charge and h, Planck's constant. Figure C-1 shows

plots of quantum efficiency vs. wavelength for several high speed

photodiodes (26, 27).
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Figure C-1. Wavelength dependence of quantum efficiency
for several high speed photodiodes (26).


