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Abstract-A semiconductor photodetector is proposed which makgs
use of an internal reflection method toenhance the photoresponse,
This method is to let the incident light be multiple - reflected in
the detector so that a long distance is traveled and most of the
photon energy is absorbed by the detector. The photodetector is
particularly useful in detection of light with wavelengths near the
intrinsic absorption edge.

Theoretical analysis of photoresponse for a p-i-n photodector
is presented, Both the steady-state andtime-dependent responses
are derived;and the twoimportant limiting cases with zero and
infinite surface recombination velocities are taken as examples
to illustrate the photoresponse,

The photodetectors are fabricaged from 4,000 Q -cm, n-type,
<111> oriented silicon wafers. Both sides of the wafer are polish-
ed with one side inclined half degree with respectto the other. The
p+n junction and the ohmic contact are formed by alloy me thod.
The measured photoresponses for wavelengths of 1.0 um and 1.1
um (with absorption coefficients of 100 cm~! and 3 em~! respec-
tively) are in reasonalbe agreement with the theoretical predic-
tions.

I. Introduction

One of the important optoe lectronic devices (1] is the photo-
voltaic diode which has been developed for detection of coherent
and incoherent radiations. When light is illuminated on a photo-
voltaic diode the total current is given by the sum of the reverse
saturation current, Ig, and photocurrent Iy,. For ease of detection
of the radiation it is required that I,y should be large in com-
parison to I,. For a given photodetector when the wavelength of
the incident lignt approaches the intrinsic absorption edge of the
dectector, e.g. using a Si photodiode to detect the 1.15pm line of
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a He-Ne laser, Iyh will drastically decrease. On the other hand,
if one chooses another detector with smaller energy band gap,e.g.
a germanium photodiode for the detection of the same wavelength,
Ig will drastically increase., This is because that Ig is propor-
tional to nj, the intrinsic carrier concentration; and a semicon-
ductor with smaller band gap generally has larger nj.

In order to enhance the photocurrent for wavelengths near the
intrinsic absorption edge, a photodetector using internal reflection
method is herein proposed. This detector can give a reasonable
large Iy and at the same time keep Ig small

Most of the photovoltaic diodes are operate” -nder normal in-
cidence, i.e. the incident light is perpendiculgr to the surface of
the diode. For the proposed photodetector as shown in Fig. 1. 'the
light is incident at an angle so chosen that the internal angle 01,
is greater than the critical angle @ . which is about 170 for Si.

In order to insure the multiple total reflection in the detector,
the two planes of the diode should not be parallel as the usual
diodes do, but rather be inclined at a small angle 6 with each
other. Thus the emnergy of the incident light will be confined wi-
thin the detector, and an increase of photoresponse is expected.

To inerease the quantum yield under multiple - reflection con-
dition, both the diffusion’ length' of minority carriers - and the
depletion width under reverse bias should be large. A wafer with
low background doping and low dislocation density is needed. This
is because that a defect-free low-doping samples can give both
diffusion long length and wide depletion width at a given bias.. In
the present study a p-i-n diode is used, and the i region is ap~-
proximated by a 4,000Q -cm, n type material.

We shall present in the next section the detailed device design
theory which ipcludes the steady-state and time-dependent photo-
responses under various boundary conditions. The experimental
results are given in Section III; and a discussion is presented in
Section IV,

2. Device Design Theory

When a monochromatic light with wavelength A is incident on

a p-i-n diode and the absorption coefficient at this wavelength is

(em~1), the generation rate of electron-hole pairs at a distance
x from the surface is given by

g(x,t)=na® e ** (1+me!®?) @

' where ¥ is the quantum efficiency which is defined as the number
of electron-hole pairs produced by a photon,® the photon flux den-
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sity at the surface in photons [cm2-sec, m the degree of modula-
tion which is smaller than unity, and ® the modulation angular
frequency. We shall assume in the following derivations that the
transit time of the generated carriers through the photodetector is
small in comparison to the reciprocal of the angular frequency.

The total photocurrent density in a reverse biased diode con-
sists of two components (2):

Jtt;)t =Jcir-"]dl 2)
where Jg, is the drift current density due to carriers generated
inside the depletion region, and Jg is the diffusion current density
due to carriers generated in the neutral region and diffused toward
the depletion region. We shall consider the drift current component
first.

Figure 2 (a) shows the variation of light intensity along the ph-
otodetector. Under the assumption of zero recombination within
the depletion region (3], the drift current density is given by

J..=qf W g(x,t)dx

dr 0 .

~qpo (1+me'?t) (1-e™*"). (3)
We next consider the diffusion current component. The one -

dimensional continuity equation for minority carriers ( holes in
the present case) in the neutral region can be expressed as

op 0°p  Pno- -a iwt

—— =D +-00 © L yaee % (1+me’

ot " nomaE " KUREE e (4)
where the symbols have their usual meanings. The solution (4 Jof
the above equation is¥ :

X X
—_—

—_—

" 2 - X~
p(x,t )=[A1eL" +A,e Ly +Ppo + al,one .

D,(1-a’Li’
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X X
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(5)
where L/pE(Dpz‘p) 1/2 is the diffusion length of minority carriers,
LE;ELP (1+ ian'p)lfz, and A1, Ay, Bi, B2 are constants to be de-
termined from the boundary conditions.

Case 1, As shown in Fig. 2(b) with n+side incident i.e. the light
intensity decay exponentially from n* to pt layer., The boundary
conditions at steady state (t > BTp) and for applied reverse voltage

¥ =KL , are given as

0 1 ¥
SED(O,t)-pmJ=Dp—p3t—)lx=0

P (xi,t)=0
(6)
where S is surface recombination velocity,
The constants in Eq. 5 can be evaluated using Eq. 6. Sub-
stitution of the results into the current density equation

0 I
='QD,—%, X=Xy _ (7)
yields the diffusion current component:
Ja=Joa +qn® (F(L, ,x; )+me***F(L},x:)) (8)
where e 5
D,pno (S cosh— +—= sinh— )
e Ly i Ny
3 inh Xt o Do X
I (S smth + chosth
- Xi Dp S
alL,{S+aD,-e"*, [(S+aDp)cosh—1—’: + (T +SaLpsmhL—)J}
F(Lp Xy )= P ’ P

2y 2. ioh Xt Ds Rt
(a*l3 1)(Ssmth+Lp cos L,,)
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and F(L3, x;) is identical to -} ex
Figure 3 shows a typical set
with minimum beight H = 744 pgm, 3
Fig. 1). The two limiting cases of S= 0 {corre:
reflecting contact) and S = m(corresponding to perfec
tact) are considered. The abssica is the reflection h ﬁl
represents the variation x; as the light is multiple - reflecied. =t
is well known that after each reflection the angle is increased by
2 ,e.g. 9 =01+02 as shown in Fig. 4 where x1=( dj - w; b
Hence as the reflection time increases, x; increases. In the plot
the absorption coefficient a is consudered as a parameter,
Case 2. p* side incident as shown in Fig. 2(c)i.e.the light inten-
sity decays exponentially from p*to nt layer,
The boundary conditions are now

P (W.I s € )30
op(x,t) ! (10)
S(p(w; +X; , t) = Pno J=D9W’——l X=W; +X; .
From the above conditions and the relation

e op(x,t)
J-—-quT*I

we obtain the diffusion current component:

X=WJ

a2 == Joz=a7®;e”®" (G(L,,x;)+me'®*G(L} x;))

(11)
Where gD, pa. (Scosh —%’ sinh%)
Jau= Ly p P
o : 351 -_D_p ﬂ
.Lp(S sinh o cosh L )
aL,((S+aD,)cosh=—* - (D +Sal, )sinh=x! - (S+aD, )e 2% i
G, ,x;)= L, L L,

D X X
El = i U < PSR |
(a’L; 1)(Lp costh Ssmth)
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Table I, where the diode number is arbitrary named, with larger
number corresponding to larger area and more reflection times. .

The experimental setup for the photoresponse measurement is
shown in Fig, 7. The light is incident form the p side in order to
obtain larger response, The filter system is a combination of inf-
rared and silicon filters. The photocurrent is measured with the
help of an oscilloscope. A linear amplifier is inserted at the input
stage of the oscilloscope to increase the gain.

For incident light with wavelength 1L0g#m and power density
7.125 x 10”4 watts /cm?2, the quantum efficiencyis 11.9% with anab-
sorption coefficient of 100 em™l., The theorectical and experi-
mental results are shown in Fig. 8 where the solid line represents
the case of infinite surface recombination velocity (S =«) and the
dashed line for S = 0. Because of the large value of & the diffe -
rence are, however, quite small. The agreement between the
experimental data and the theoretical curves are reasonably good.

Also shown in Fig. 8 are results for the case of an incident
light with wavelength 1.1 gm and power density1.585x 10"4 watts/
cmz. The corresponding absorption coefficient is 3 cm'l, and the
quantum efficiency is only 0.595%. Apparently, the experimental
results are in closer agreement with the case of infinite curface
recombination velocity.

4. Discussion

When light is incident from p+ side and for the case of large
apsorption coefficient, a@ most of photoenergy is absor bed in the
depletion region in the first trip that light has traveled, The
amount of light energy that has been left after the light pass through
the depletion region of the first trip is only e~aW of the total inci-
dent energy, where w is the width of depletion region. Since a is
large, the value of e~aW approaches zero; so that the property of
neutral negion has little effect on the tatal photocurrent. Thus the
n+ layer which may serve either as perfect reflector (S =0) or
perfect ohmic contact (S =«) is immaterial to the measured cur-
rent. This is the reason that the two theorical curves for a =
100 em~1 in Fig, 8 are virtually identical.

However, when the product of absorption coefficient and the
width of depletion region is much less than unity,the diffusion cur-
rent density Jq is the predominant term in Eq. 2. The property
of the n layer is now-an important factor to the photocurrent. In
the case of @=3 om=-1 Jiot (S =0)= 2 Jtot (S=*).

It is shown in Fig. 8 that for the case ofa= 3 em™1 , the nlayer
serves as a ohmic contact layer rather than a reflecting layer.
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It is conceivatle that when an antireflection coating(5])is de-
posited on the incident surface, more light will be absorbed by the
detector and an increase of the photoresponse is expected.

Since the planar technology can control the diffusion depth.
precisely, it is recommended to use low temperature diffusion (at
temperatures less than 1000°C) to form the n and p layers., At
higher temperatures, however, more dislocations and defects may
be introduced to the diode. =

The breakdown voltage of these diodes are greater than 200
volts and the applied voltage in the experimental study is only 10
volts. Hence the avalanche multiplication effect can be neglected.
If the applied voltage is close to the breakdown voltage, then - the
multiplication factor M(V) should be multiplied to Eq. 15 .
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it}kd G(L;, xj) is identical to G(Lp, xj)except that Ly, is replaced by
The function G( X.:) is also shown in Fig. 3 with device
parameters identical to that for case 1,
The total current density for single pass of light from n*to
P layer can be obtained from Egqs. 2, 3 and 8

Jor (@1,%5 , Wi )=Jotan®i{(e™®* (1~ 7% )
+F (B eme P LR T (1 #2™7 )

+F(L¥,x1)]}

(13)
where‘i’i is the ith time light flux density atx= 0, x; and w; are

the corresponding widths of neutral region and depletion region
respectively.

The total current density for a single pass of light from pt to
n layer can be obtained similarly:

Jeo (@5 ,x5,w; ) =~ Joz'qn‘pj{(l'e-wl
+G(L,,x;) e™*, ]+me’“t(1 e v,
+G(L?,x,)e ™", ]}.

(14)

Under internal multiple reflections as shown in Fig., 4, the

current components along the x direction will be summed up. The
total current density J,; is finally obtained as

n )
Jior = § Jer (@4 :d; 'W; :W; ) cos 61

n
- j§11z2(¢1,d1 -w; , Wy )cos b,
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where @, =@, exp[ - aﬁ§ (dﬁ+1+d,é ))

i-1
@, =¢oexp[-aﬁ§0 (dﬁ +dﬁ)]

and @ is the initial light flux density incident on the detector,d =
d} =0, and the indices i and j run from 1 to nwhich is the number
of reflections within the detector.

Figure 5 shows the calculated time-dependent component of
total current density as a function of reflection times for S = 0
and S=<« , with (m,'p ==

Figute 6 shows the calculated light traveling path within the
diode and the length of active region L (as shown in Fig. 1) norma-
lized by the factor H, as a function of reflection times.. For exam-
ple, when the absorption coefficient of the incident light is 3 cm'l,
the light traveling path should be about 1/t or 0.33 cm.If H=744 gm
we have to let the incident light pe reflected twice. Hence the
length of the active region should be 1,04 cm (since L/H = 1,4)for
a § of 0.5°

3. Experiments

The samples used in the experiment aren-type silicen wafers,
4,000 Q-cm, one inch in diameter, and<{111>oriented.The lifetime
and diffusion length of minority carriers inthe sample are deter=-
mined to be 1.5 x 103 sec and 1390 pm respectively. Both sides
of the wafer are polished to a mirror finish. One side is inclined a
half degree with respect to the other.

After cleaning, the wafer is put into an evaporator and 3000A
aluminimu film is deposited through a metal mask whichcontains
windows of various sizes, After deposition the sample is heated
under forming gas to a temperature slightly higher than the Al-51i
eutectic temperature of 580°C for 5 min, so that the alloy serves
as the p+ contact to the n-type high-resistivity material.

To form the n ohmic contact the alloy Au-Sb is deposited onto
the other face of the wafer and is heated under forming gas to
380° ¢ for 5 min. From the capacitance measurement of these
diodes, it is confirmed that they are one-sided abrupt junctions.
The diffusion constant for these diodes is 12.9 cm“/sec and the de-
pletion width at 10V reverse bias is 96 pm.

The exact dimensions of the fabricated diodes are listed in
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Table I. Dimensions of the photodetectors

No. | H(um) | Area(cm2) Reflection times in
photodetector
1 784 6.94 x 10-3 6
2 781 11.75 x 10-3 8
3 744 22.18 x 10-3 10
4 731 28.27 ¢,10-3 11
5 670 44.32 x 10°3 13




Fig. 1. A schematic diagram of a multiple-reflection photodetector.
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(a)

INTENSITY

Fig. 2. (a) Light intensity distribution in the deple-
tion region.

(b) Light intensity distribution in-a p-i-n
diode when the light is incident from n
gide.

(c) Light intensity distribution in a p-i-n
diode when the light is incident from p
side.
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Fig. 3. Functions F(LP‘ x;) and G(Lp, xj) versus reflection times with devices
parameters Ly, = 139 um, H =744 um, §=0.5%and D, = 12.9 cm?/sec,
The solid line is for the case of S ==, and dashed line for S =0,
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Fig. 4. Light traveling path in a p-i-n diode,
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Current density versus reflection times for various absorption
coefficients., The device parameters used in the calculation
are the same as in Fig. 3. The solid line is for S==, dashed
line for S =0,
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Fig. 7. (a) Fabricated diode structure.

{b) Measurement setup.
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Fig. 8. Comparison of experimental results (data points) and theoretical
calculations (solid lines for S== , and doted lines for S =0), The
upper set is for the case of @ = 1,0 um. % =11.9% and input power
Win = 7.125 x 10"4 watt/cm2. The lower set is for a=1.1 um,
n =0,595%, and Wiy =1.585 x 10~4 watts /cm?2.



