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CHAPTER I
INTRODUCTION

Generally there are three metheds used for measuring carrier life-
times in semiconducting materials, One method is called the intrin-
sic photoconductivity response which is semetimes referred te as the
pulse response technique. In this methed, direct observation is made
of the photecurrent pulse produced by a very short intense spark eof
light. The lifetime is then determined by the calculation of the time
required for the pulse te decay te 1/e of its maximum. A variation of
this method (usually applied in the case of extrinsic semiconducters)
is made when the rise time is used to calculate the lifetime. In this
case the time difference between a photocell and the semiconductor's
rise to (1 - 1/e) of the maximum is taken to be the lifetime. In
another method of determining lifetime, the diffusion length experi-
ment is used. This permits a calculation of lifetime by measuring the
diffusion length of carriers when values of mebility are known. The
third method of measuring lifetime steme from the photoelectromagnet-
ic effect which is essentially a Hall effect produced by diffusion
currents, A measurement of the ordinary photecurrent and the phota..
electremagnetic current made simultanecusly provides a means of cal-

culating the lifetime.
I The Problem

It is the purpose of this study te attempt to determine the

lifetime of the free carriers in a type 11 b semiconducting diamond,



The diamond used in this study has p type conductivity (1). The methods
used to investigate the lifetimes will be the three methods already
mentioned,

The preblem of determining free carrier lifetimes used in the
steady state phetocurrent equation becomes one of determining the 1life.
time independent of shallew trapping centers. A semicenducter can be
characterized by three lifetimes--the diffusion lifetime, the conduc-
tivity lifetime, and the photeconductivity response lifetime. This study
will be concerned with all three ef these lifetimes. A brief statement
has already been made concerning the methods (diffusion length exper-
iment and photeelectromagnetic effect) of obtaining the diffusion life-
time. The pulse response technique is used te obtain the conductivity

lifetime and the pheteconductivity response lifetime,
II Definitions of Terms Used

Trapping Centers. This term refers te bound states lying near the
conduction band. Here the werd near means that the energy separating
the bound state from the conduction band is small so that an electren
which might be trapped in this bound state could readily be thermally
re-excited. This definition applies for the case of holes as well, with

the words conduction band being replaced with the valence band. The

lifetime of a free carrier is not terminated when caught in these sghal-
low trapping centers,

Deathnium Centers or Ground State. The deathnium center is a

bound state lying deep in the forbidden zene, When a carrier is cap-

tured by a ground state, ite lifetime is ended since it would have te



be pheteionized te reach the conduction band (er valence band) again.

Electron-hole Pair Lifetime. This term refers to the average time

that both carriers are similtaneously free. The lifetime of an elec-
tron-hole pair is ended when either carrier recembines with a ground
state.

Diffusion Lifetime, This lifetime can be equal te the electran-

hole pair lifetime but it is not limited to this definition since the
term can be applied to the lifetime of holes or electrons independent-
ly.

Conductivity Lifetime. This lifetime is not ended until both

carriers have recombined with ground states. The lifetime in this case
lasts as long as elther carrier remains free to contribute teo current
flow. It is however independent of shallow traps.

Photoconductivity Response Lifetime, This 1ifetime can be equal

to the conductivity lifetime under certain conditions such as high
light intensity etec. Usually this lifetime includes the time the car-
riers spend in shallow traps.

Majority Carrier. If the conductivity of a semiconducter is mainly

due to holes, it is classified as p type and the majority carrier is
the hele, The majority carrier in m type material is the electren.

Minerity Carrier. The minerity carrier in a p type material is

the electron and in n type material the hole.

III General Infermation

When an electron-heole pair is created in a semiconductor by

phote-ionization, . various events take place which may be complex



and varied. One or both of these carriers may be caught in shallew
trapping centers or they may recombine with ground states. A carrier
may be thermally re-excited from a shallow trap but execltation from a
ground state requires energy equivalent te phote-lonization. When an
electric field is placed en an illuminated phetecenducter, a current
flow will result, and ene of the parameters,which determines the a-
mount of photocurrent,is the conductivity lifetime.

In the case of the conductivity lifetime of an electron, only
the time spent in the conduction band is counted as its lifetime;
similarly for a hole, the time spent in the valence band determines
ite lifetime (2). If a carrier is trapped in a temporary trap frem
which it may be thermally re-excited, its lifetime is ne?{ ended since
it may be freed again and contribute to current flow. On the other
hand, a carrier which has recembined with a ground state has ended
its lifetime because it would require phote-ionizatioen to remove it
from the deep lying ground state.

The lifetimes of electrons and holes need not be equal (%), The
minerity charge carriers may be temporarily captured and thermally
freed a number of times before ultimate recombination with a ground
state. This precess applies not only te minerity carriers but te the
majority carriers as well since both may experience thls temporary
trapping.

The capture cross section of the trapping centere for minerity
and majority carriers determines the difference in behavior of
trapping centers and recombination centers in semiconductors (3).
Recembination centers may have a large capture cross section for both

minority and majerity carriers while the temporary trapping centers



may have a large capture cress section for the minority carrier and a
small capture cross section for the majority carrier, Shallew trapping
states do not affect the steady state photecurrent; however, they de
affect the time required to set up the steady photecurrent and the time
of decay of the phoetecurrent when the excitation is removed. The rise
time of the phetocurrent is increased because the density of carriers
caught in these shallow traps has te be increased in the same proper.
tien in erder to increase the density of the free carriers. The decay
of the photocurrent is g8lowed down since it may take a very leng time
for all the shallow traps te empty, and, as long as these traps are
being emptied, the phetoecurrent will persist (2).

A photocenductor's perfermance can be described if ite free car-
rier lifetime can be obtained. The lifetime of a free carrier almost
completely characterizes a photoconductor (2). This lifetime describes
the essential performance and centains the essential physice of a
photeconductor., The lifetime of a free carrier is determined by the rate
of recombination ef these carriers with their ground states., These
ground states lie deep in the forbidden zene as contrasted to the shal-
lew trapping states which lie very near the conduction er valence band,
The ground states are compesed eof impurities, vacant lattice sites,
interstitual atoms, and eother crystal defects. From the physics ef
the ground states, it is evident that the recombination process may
be highly complex and varied. The recombination lifetime is not a ma-
terial constant; instead, it varies with the mode of preparation and

impurity content of the material,



CHAPTER 11
REVIEW OF THE LITERATURE

Moch has been written concerning the impertance of free carrier
lifetimes in semiconducting materials and the metheds of measuring
the lifetimes; btut only a brief summary of the work done on preblems
very closely related to the one at hand will be given here.

I. Literature Concerning the Pulse Respense Methed
of Determining Lifetime

K.G, McKay (4,5), in an attempt teo measure carrier lifetime in
ordinary diamond, used a medified pulse respense method, The diamend
sample wae placed in an evacuated chamber and positioned similar te
the anode of a cathode ray tube. An electric field was applied to the
sample lengthwise and then the diamond was pulsed with electrons
emitted from the cathede. The lifetime of the carriers was determined
by measurﬁpg tha average range of the generated carriers. The value
of electron lifetime obtained was approximately 2 x 10ws sec.

A methed which was essentially that of McKay was used by E.A.
Pearlstein and R.B. Sutton (6) te make lifetime measurements in erdi-
nary diamend. Instead of injecting electrons, the diamend was bem-
barded with alpha particles. They calculated the electron lifetime
to be appreximately & x 1079 sec. The lifetime measured was of the
order obtained by McKay.

D. Naven, R. Bray and H.Y. Fan (7) describe a method for the de-
termination of the lifetime of injected carriers in a semicenducter.

Their methed of determining lifetime was by measuring the variatien



of the sample conductance after a veltage pulse had preduced excess
carriers., The decay of the conductivity was used as a means of calcu-
lating the lifetime of the excess carriers. Different size samples
were used te check the effect of surface and velume r&cembinatien,
The surfaces of the samples were treated te cut down surface recom-
bination. The samples of germanium with greund surfaces (high surface
recombination) had a lifetime which ranged for different size samples
from 3 to 144 micre-sec. Etched surfaces on the samples cut down the
variation of lifetime for these same samples; however, the lifetime
became larger, from 235 te 280 micre-sec. These values for lifetime
were of the order expected for germanium,

A variation of the pulse response technique is described by T.S.
Moss (8). Moss used this method te confirm carrier lifetime obtained
for lead sulphide crystals by other methods. A pulse of light
from a spark gap is applied te the specimen and the rise time eof the
phetocurrent is observed. The rise time of the spark is measured with
a photecell. The signal waveform from the crystal is assumed expenen-
tial, and the lifetime is taken to be the difference of the times re-
quired for the signal to reach 1-1/e of the maximum fer the crystal
and the photecell, Carrier lifetime in lead sulphide crystals had been

10 and 9 x 10"6 sec. These large values were

measured between 6 x 10~
confirmed by the pulse respense measurements (9).

D. Redfield (10, after ether methods of determining carrier life-
time in tellurium proved te be unsuccessful, resorted te the pulse
response methed. A study ef the vhetecurrent pulse respense had indi-

cated a lifetime of less than 10'“ sec, He was successful using the



pulse respense methed, and the value of lifetime ranged frem 15 te 20
micro-sec. This value agreed with his calculated wyalne fer lifetime.

J.R. Haynes and J.A. Hernbeck (11) used a 0.2 micre-sec. spark of
light en germanium and silicen te calculate lifetime. In an attempt
teo eliminate trapping, an ambient 1ight was applied te the samples.
The pulse decay was used te calculate the lifetimes. Fer germanium,
the values for lifetimes agreed with other investigaters'! and appeared
to be independent of the intensity of the ambient light. This led te
the conclusion that trapping is net apparent in germanium at roeem tem-
perature. For silicon, the decay time of the pulse decreased te a min-
imum value as the ambient light intensity was increased. When the
intensity ef the steady light was high, the values ebtained for life-
time were of the right order. At lower light intensities the lifetime
calculated waes larger than expected. In this case shallow trapping
seemed to cause the extended lifetime,

An investigation similar te Haynes and Hornbeck's was carried
out by D.F. Stevenson and R.J. Keyes (12). The carrier lifetime again
was determined by the decay of the phetecurrent pulse. The results of
their werk were in good agreement with accepted values for carrier
lifetimes in germanium, For silicon, a strong continueus light was
applied to the sample te get rid of the long time constant or leng
exponential decay. Using the contimuous light, the lifetime obtained
for silicen was of the right order ef magnitude.

E.0. Johnson (13) describes a medified pulse response experiment.
The method takes advantage of the linear dependence of the surface

pheteveltage en the excess carrier density at lew signal levels. The



surface photeveltage is generated by a brief light flash and is picked
up by a small electrode capacitively coupled te the surface of the
specimen, The signal decay time constant is used te calculate the life-
time. The method achieves about the same results as other phetecenduc-
tivity response methods, but it alse has the limitations impesed by
shalleow trapping. Using this methed te calculate lifetimes in germa-
nium and eilicon gave geod resultes.
II. Literature en the Diffusion Length Experiment
Methed of Calculating Carrier Lifetime

L.B. Valdes (14) used a methed developed by Merten and Haynes
at the Bell Telephone Laborateries to calculate the minerity carrier
lifetime in germanium, Carriers are generated by light from an epti-
cally flat face of a crystal, and the cencentration ef the minerity
carriers is measured as a function of the distance from the peint eof
liberatien. Valdes gives a theeretical treatment of the method, and the
relationship between the diffusion length and lifetime was used te
calculate carrier lifetime. This method takes advantage ef the linear
relationship ef the current through a reverse bias peint contact te
the minority carrier concentratien (15). The values obtained fer life-
times were of the right erder of magnitude,

A similar experiment was carried eut by T.S. Mess (8) te check
the results of other lifetime measurements made on lead sulphide,
The carrier diffusion length was measured by observation of the phote-
current through a crystal-tungsten prebe centact as a narrew line of
light was traversed acress the contact. The diffusien length was eb-

tained from a plet ef phetecurrent versus distance from the light spet
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te the prebe. The relationship between the lifetime and the diffusien
length was then used to calculate the lifetime, The results of Moss's
experiment were satisfactery since the lifetime obtained agreed with
values obtained by ether lifetime measurement methods.

Both of these investigations were carried eut using single
crystals. There has been much werk done using the diffusien length
as a means to calculate lifetime; however, a great deal of the litera-
ture is devoted te junctien samples.

III, Literature on the Photeelectromagnetic Effect
with Application te Lifetime Measurement

The open circuit voltage equations fer the photoelectromagnetic
effect have been derived by T.S. Mess, L. Pincherle, and A.M,
Woodward (16). The short-circuit current (due te the diffusion precess
produced by the photeelectromagnetic effect) yields a useful relatien-
ship in regard te carrier lifetime, Moss (8), Pincherle (17), and
others have derived the equations fer this short-circuit current.
Using the equation fer the nermal phetecurrent and the equation fer
the PEM short circuit current, a simple equation is formed feor carrier
lifetime. The carrier lifetime is found te be propertienal te the ratie
of the semiranducter's phetocurrent te the short circuit PEM current
equared.

T.5. Mess (8, 18) has used the photeelectromagnetic effect
for the calculatien ef carrier lifetime in lead sulphide and ger-
manium, The results of this werk have been in agreement with ether
investigaters, and the values of lifetime obtained from ether metheds

on the same crystals were of the right order of magnitude,
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R.P, Chasmar (19), werking with lead sulphide crystals, achieved
goed resulte using the PEM effect for calculating carrier lifetime,

The calculation of lifetime by the PEM effect is given a math-
ematical analysis by S.W. Eurnick and R.N. Zitter (20). Their analysis
agreed with Moss's theoretical treatment and their werk was success-
ful in ebtaining accepted values for carrier lifetimes in InSb. (in-
dium antimonide).

H.P. Frederikse and R.F, Blunt (21), using the equations de-
rived by Mess for the carrier lifetime (PEM effect),performed
measurements on InSb., The values of carrier lifetime were from
10~ 7 sec. at room temperature te 10"6 sec, at 77° K. These values
were of the order expected and they were confirmed by other methods

of lifetime measurement.



CHAPTER III

MEASUREMENT OF MINORITY CARRIER LIFETIME BY THE
DIFFUSICN LENGTH EXPERIMENT

I. Discussion

One method of measuring minority carrier lifetimes in single
crystals is derived from the diffusioen length experiment, The diffu-
sien length is ebtained frem data taken in the experiment, and the
lifetime is then calculated using this relationship:

Jn= Lna /Dn
J‘n" lifatime for an electren in p type material

Ly, = diffusion length, This is defined as the average distance an
electron will diffuse hefore recombining.

D,z diffusion constant. This comes frem the Einstein relatien,
‘Dp=k Tup/q where k 18 Boltzman's constant, T is the ab-
solute temperature, q is the charge of the electren, and

Mp is the electren mobility.

The method of measuring the diffusion length was developed by
Morton and Haynes at the Bell Telephone Laberatories, The methed con-
.aists of liberating electron-hele pairs by a light en the~surfgce'of
a crystal and measuring the concentratien of minerity carriers as a
function of the distance from the poeint where they were liberated (14).

vThe physical ;odel for a single crystsl is shown in“Fig, 1.1$he
sﬁrface is illuminated with a long_narrow line of lightf The_poi#t con=
tact ‘is lecated a distance r frem the illumination, Alsuming that the
surface recombination is small eor at least of negligible orderD the flow
will be outward frem the lipe of light in radial lines. Te keep the
problem one of diffusien currents enly, the electric field at the peint

contact mast be kept small. The contact is located away from the edges

12
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.af the crystal te prevent edge effects.

The mathematical appreach te the preblem is obtained (using Fig.
2) as follows: |

The continuity equatien for the flew of excess electrons in p

type material is (22)

%z&: _‘_.__:_ + %{ V'Iz=0 at equilibvrium (1)

I is given by
In = qMpy nE +q Dy Vn ' (2)
I, = D, Vn for zero applied field (3)
VeIn= q DpVen (4)
1 (¢ Dy vn)_ n=0 substituting equation (3) inte
q I equation (1) at equilibrium.
Ven-nfL,2 =0 since L, =(Dy Q’n)% (5)

Equatien (5) is the diffusien equation for electrens in p type
material where n is the excess electron density and L, is the diffusien
length of the electrens,

Asguming an infinitely long, very narrew line of light with radial
diffusion eutward, the problem becemes a two-dimensi@na1 one, For\the
case of a long line of 1light and a peint contact-collectorgmquatien
(5) can be expressed in terms of cylindrieal ceerdinates (23), con-

sidering the z direction as infinitely leng.

d¢®n . 1dn_n __0 assuming n depends
are t T ar Ln2 - on r alone. (6)

The selution to equation (6) is a Bessel function tut an apprex-
imate solution can be ebtained by using a relationship given by T.8.

1
Moss(8). n=ar?s
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Equatien (6) becomes:

a%a _afl _ 1 -b (N
il e R
For r > Ly (which is the normal conditien fer the distances where
the data is taken) the term 1/U4r2 in equation (7) is neglected. The sslu-

tien for equatien (7) is a~e"'r/1'ﬁ r% e /Ln

and n~ The beundary
conditions for r=0 and r =00 are satisfied by this selutien as r —» 0,
n should become very large and as r -> 0o , n should become zero,

The methed of determining the minerity carrier ce«n@entrgtian at
the probe may be explained in the follomng way. The light seurce is
chopped at a low audie rate and the veltage vph developed: acress R
(Fig. 1) is measured as the distant:e ris varied.. A chopped light seurce
permite the use of ac measurements, thereby separatir_x_g» -the-li’berated
minerity carriers from steady state concentratiens. Bu% the experiment
can be performed under dc conditions. Bardeen (15) has -sﬁown ‘that the
current threugh a reverse bias coliector electrode is linearly related
te the minerity carrier density at the prebe, The cellecter elec%md@
in the experiment is eperated under reverse bias cen@itiggs 20 that the
current through R ( and therefore Vph)_ wf-l.'il be linearly related te the
‘concentration of minerity carriers at the prebe. Frem the selutien te
the diffusion equatien it is seen that the minority carrier concentra-
tien should ‘decay expenentially as r is ipcreaa_ed from » ~ 0 (at ‘the
probe) because of the recombinatien ofr ';l';hese carriers, ‘

When plots of 1n ( e ¥/Im) vs, r and 1n ( r-% e*/In) vs, r are
made, the distance r where the veltage decays teo a value 1/e of ite

maximum (since r = Lp) is called the diffusion length. (see Fig., 3).
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The diffusion length is used as explained earlier -te-determine the
lifetime of the minerity carriers using the equatisons:?
2 2 '
O, = 0.022 L;? using ut = 1800 cn?/volt-sec (24)
at 300'2

II. Limitations

The dimensionsg of the particular diamond used ars shown in Pig.k,
Cne assumption made ﬁas tHat the probe or cellector was far frém the
edges. Since the probe is lecated (as shown in Fig, 4) near the center
eof the crystal; the iésumption would held considering a haximum L, of
0.0175 cm. The contact weuld then be at least 10 times L, away frem the
edges. An upper 1limit of accurate measurement of carrier lifetime is
impesed by the crystal dimensions; the limit would lie in the range of
6 micre-sec.

The gssumption that the z direction is infinite would seem valiﬁ
since this aiménSion is 20 times L, maximnm using the abeve assumptien.
The whole width of the crystal beiﬁg illumingted wauld correspon@ﬂto
# long line of light.

The égrfécé‘recambinatian woula’be mest prominent whenvgﬁhe@ame
small, The elécfrié field weunld also’affect the data&at”the'smaii r
range. Data tak§n when the r values:are small would deviate‘frcm theery.
The surface recombinatien is considered low, se the cylindrica1>f10w
would net be distorted except at small values of r. Surface recembi-
nation could caﬁse a more rapid decay of the carrier concentration

than yredlcted by the theory as the distance © is increased.
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As far as the width ef the line being narrew is concerned, this
is taken care of by emltting the data taken at very small values of I,

These peints weuld prebadly lie well off the curve,

III. Experimental
Regulte

The data ebtained frem the diffuslon length experiment is shewn
on the foilowing pages. The graphs display a plot of phetecurrent
versus diatancé’from the prebe. A crystal helder was censtructed and
the holder was mounted on a micremeter head fer measuringz the distance
between the peint centact and the line of light. Twe light‘soureen»vere
used in this experiment. A tungsten bulb fer the visible range~and a
mercury arc seurce fer the ultra vielet range. The-grgﬁh@ are tho re-
sultes ebtalned using the Hg are; hewever, the results frem the tung-
sten bulb have essentially the same characteristice, “

Plgures 5, 6, and 7 shew the results of the experiment pprfq:mod
ulfhg dc measurements. Using a chepped light seurce, ne ac phetecurrent
was ebserved, The dc current did increase in a linear fashien as the
distance from the prebe te the light decreased,

The results frem this experiment ceuld be due te several facters.
The cafriers hava‘to be preduced at or very near the surface te sause
the diffusien precess necepsary in this experiment. ;f Qarrigrl vere
preduced threugheut the bulk ef the crystal, this weuld tend te reduce
the diffusion current, Alse, light sources are wesk in the range re-
quired teo excite carriers acress the energy gap (5.5 ev), (1). Whén
perferming ac photecenductivity measurements under conditiens ef whele

cryetal illumination and bread end centacts,it was feund that the ac
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vhetecurrent was very small and not detectable except when using high
smplification. It seems reasonable when illuminating only a narrew:
portion of the diamond that the ac phetecurrent hecomes -even more diffi-
cult te measure, The nolse present, due te the very high impedance of
the peint contact could overshadow any effect preduced by the minerity
carrier diffusion when performing ac measurement,

Since the experiment is based on the diffusion of minerity carriers,
it 1g felt that the linear increase in current through the ecrystal is
essentially due to heles being produced, and the results cbtained are
simply due to these excess holes proeducing an increase in the conduc.-

tivity of the diamond.



CHAPTER IV

MEASUREMENT OF CARRIER LIFETIME BY THE RATIO OF THE
PHOTOELECTROMAGNETIC CURRENT TO THE PHOTOCURRENT
The photoelectromagnetic effect was discovered by Kikoin and
Nogkov in 1934 (17). Although they were not aware of the existence of
holes they did realize. that the PEM effect was a Hall effect produced
by diffusion currents. The PEM effect has become an effective method
of measuring carrier lifetime when used in combination with the ordi-

nary photocurrent produced in semiconductors.
I, Discussion

The photoelectromagnetic effect is produced as follows: a semi-
conductor is placed in a magnetic field and then illuminated on one
of its surfaces normal to the direction of the magnetic field. This
gituation will cause an emf to appear in the third perpendicular direc-
tion, The situation is illustrated in Fig. 8.

The open circuit voltage equations have been derived by T.S,
Mose, L. Pincherle, and A, M. Woodward (16). When crystals are used
that have short diffusion lengths, and there is no control of the prep-
aration of the samples, a simple theory of short-circuit currents has
been found preferable (8). The expression for short-circuit currents
replaces the more complex equations for the open-circuit voltage.

The sample (see Fig. 9) is considered to be a rectangular speci-
men of length d, thickness t and width w. The specimen is illuminated
normal to its length and width so that Q excitations per second are

produced in the material. The illumination produces photo-electrons
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and photo-holes, When the electron-hole pairs are generated near the
surface, & concentration gradient will be set up and the carriers will
diffuse down through the crystal. The magnetic field (transvefse) will
canse these two types of carriers to be deflected in opposite directions
through the Hall angle4&-='tan’1143 (18), wheremis the mobility in
metersa/volt-eecond and B is the magnetic induction in we‘bers/meters2
(25, 26).

Ueing the relationship L = (DIT)% ;. the diffusion length L, trave
elled by an electron is given by Ln==(Dn2Tn)§ where D is the diffusion
constant and T, is the electron lifetime. The assumption is valid
provided there is no appreciable electric field in the @irection of
motion., This condition would be satisfied as long as the eleftric fisld
buidding up in the direction of the thiclkmess of the crystal is small
compared to kT/q per diffusion length.

For small magnetic fields the carriers will move a distance |
AMB (D 3’)* between electrodes., A charge quB(D I )%/d will be given %o
the external circuit for each carrier (electrons and holes):; For the
case of the electron the charge will be qu,B(Dp T n)%/d. and for the
holes the contribution will be quyB(D, U‘h)%/d. Using the relations
for the total charge due to the electrons and holes, the net steady

shortgcircuit current wlll be:

Isc = ggg{uﬂ(nn O*n)§+uh(nh :rhﬂ | (1)

n< 4iffusion constant for electrons
D, = diffusion constant for holee

Mn = mobility of electrons
= mobllity of holes
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The general equation characterizing steady state photoconduetivity

is (27):
w=QU

W = total increase in free éarriers in a given specimen

Q = total number of excitations per second occuring in the gpecimen

J = lifetime of carriers in the free state
The combination of the general equation above with ohm’s law, gives an
expression for'ﬁhotocurrent in a given photoconduetor as:

Iph=qQ 7 / Tr ampefes

Tr is the transit time of a carrier between electrodes and is dgfined

as?

Tr = 3/Ba = 2/Vm

d = electrode spacing in meters
T = electric field in volts/meters
V = applied difference in potential in volts

M= mo¥ility of a free carrier
In the presence of an applied field, the distance travelled by an
electron between electrodes is A, E T, and similarly for holes the
distance travelled between electrodes is MpuE U’h. The expression for
the photocurrent in the specimen becomes:
Iph = Qo Apdn+ay, J7,)E/d (2)

VWhere :rn and 07, are the carrier lifetimes of electrens and holes

h
respectively. y
Either of the equations (1), (2), could be used to obtain a walue
for the free carrier lifetime; however, both 1nvolve.the factors of
quantum efficiency and light source intensity which are diffi@uit\ﬁ@

determine experimentally. The ratio of steady state photocurrent %o the

PEM short circult current will eliminate the term Q and this ratie
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becomes:

(M dp+ My T, B

&

L

sc

{\un(nn frn)% + My, (D Th)%} B

Thie expresesion as it stands does not provide a very convenient
relationghip if it 1s to be used to measure frees carrier lifetime be-
cauge the two lifetimes can not he separated, But it can be changed
to a much simpler form i1f certain characteristics of the semlconductsr
aere known, These characteristics involve essentlally the phyesics of
the semiconductor. For example, if the ratio of the mobilities of
the two types of carriers is almost one or at least close enough fom

the agsumption to be made, the expression becomes:

I (T ot Ty

(T, + T
A gimilar relationship would be evolved if the ratio of mobilities
had been very great and the lifetimes of the carriers approximately
equal except that one type of carrier could be neglected altogether,
In this expression the lifetime factor is due to one type of carrier
only. This ig usually the minority carrier in most of the semiconduc-

tors used for study.

e 37

ot 3
The lifetime of one :.carrier mey be a great deal longer than the cther,
and this condition also ylelde the above equation. The quantum effi-

clency of the semiconductor for generation of electrons may be different
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from that for holes in vhich case one type of carrier may be neglected,
This leads to an expression for the lifetime involving quanities which
are easily measured,

(zh B)2 D

T =

(1sc )2
The above relationship is the one most used in semiconductor study.
The aésumption that it is valid is usually explained by one or more
of the reasons just discussed. The lifetime obtained from this method

ig of course limited in accuracy by the uncertainty in the value of

the diffusion constant.
II, Limitations

The theory discussed previsouly assumed ohmic contacts and in-
finite crystal dimensions. The dimensions have to be large compared
to the diffusion length of the carriers. The comparison of crystal
dimensions to the diffusion length has been discussed in Chapter' III.
This assumption seems t0 be avalid in the case of the particular
diamond crystal used in this study.

The Hall angles have to be small to fit the theoretical treat-
ment given to the problem, This condition requires fhat the angles
(Ju.B)z be mach legs than one. In the case‘df diamond with mobili-
ties in the range of 1000 cm2/v01t~second to 2000 cme/v01t=seeond
(24) and the magnetic field B equal to 7000 geuss, this gives a
maximum value of B equal to 0.14. With B equal to 0.1k the term

(.uLB)a equals 0.0196 which is small enough to be neglected.
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I1I. Experimental
Results

Mercury and hydrogen arcs and a tungsten buld were used as the
light sources irn this experiment. The mercury and hydrogen arcs were
used to provide the ultra-violet wavelengths and the tungsten bulb
for the vigible range. A very high photocurrent was produced ﬁs@ng
the mercury and hydrogen arcs, but no photoelectromagnetiec effegt
vas detected,

One might expect to observe the PEM effect in the visible yegion
because the diamond crystal is photoconducting in this region (?9;36)0
However, the diamond is very transparent to visible light and there-
fore, the carriers are:probably generated throughout the bﬁlk of the
material, thus preventing the development of a concentration gradient
of carriers which is necessary for the PEM effect,

In the uv, the absence of the PEM short-cirecuit current could be
caused in part by the high resistance of the end contacts. Except at
very low values of resistance it is evident that the diffusion eurrent
would be of extremely low value. In the case of germanium and silicon
it is possible to get low resistance contagts which aid: in obtaining
a large short-circuit current, Also the thickness (d) of the crystal
enters as a parameter in the short-circuit current. For germanium and
gilicon, (d) could be kept to a minimum value; however, this paremeter
could not be -adjusted in the case of the diamond without destroying
it., Farthermore, the lifetimes at the surface of the crystal may be
congiderably less than lifetimes in the tulk., Possibly some surface
treatment of the diamond could_femave recombination centers at the

surface enabling a PEM effect to be obtained,



CHAFTER V

MEASUREMENT OF CARRIER LIFETIMES USING THE
PULSE RESPONSE METHOD

I, Discussion

The electric current in semiconductors is carried by electrons
in the conduction band and holes in the valence band. The equilibrium
concentrations of holes in the valence bgnd and electrons in the con-
duction band are not necessarily equal. When there is an excess of
either the mino}ity carrier or the majority carrier or‘both over the
normal concentrations, fhere will be a net rate of recombination‘at=
tempting to reétore equilibrium to the crystal (7).

Excess carrieré (electrona, holes, and electron-hole pairs) pg@e
duced by a short pulse of light will build up in prdportion to.an ex=
ponential function during the period the light is on and then decay
at an exponential rate after the light is extinguisﬁed, The photo-
current equations are:

A =1l - o TH) g - et Ty )

at

Pg = steady state value of excess holes

ng = steady state value of excess electrons
UL.: lifetime of holes

Jp = lifetime of electrons

t = time

a1 ﬂpgﬁp/ Tn -I-Inse"t/ Tn (2)

Equation (1) represents the build up of the photocu#rent‘pulse and
equation (2) is the equation &etermining the decay of the photecurrent.
In most semiconductor studies, the main factor is the minority

carrier and consequently one of the lifetimes is omitted. This
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omission yields for the build up of photocurrent a funétion K(1=e°t/zn)
and Kb‘t/z for the decay of the photocurrent. The quanities z' and 3z
are not necegsarily the same but both are called lifetimes. 2' sghould
be designated as the "response time," representing the time for a ‘.-
photocurrent signal to reach (1-1/e) of its final value, Ehe photo-
conductivity response lifetime z is the time required‘forvthe excess
carriers to decay to 1/e of the maximum value of excess carrier con-
centration after the illumination is removed. The "response time! can
be misleading vwhen used as a measure of .carrier lifetime unless the
pulse of light 1s long compared to the carrier lifetimes. Very com-
monly z' appears less than z because the semiconductor never reaches
steady state conditions, Also this difference can be accounted for
depending on the type of semiconductor studied since the neglection
of one type of'carrier may not be a correct assuﬁption.

In the precesding discussion, shallow trappingmphenomgna haq been
neglected, When shallow trapping predominates the recombination pro-
céas—-that ia, ghallow tfépping is much greater thag the direct re-
combination with ground states--the photoconductivity response life-
times obfained from the pulse response technigue are erroneous and
generally several orders of magnitude too long. Bosg (31) hag‘ghgwn
that the lifetimes observed in the pulse response mgthod under‘the
assumption of high light intensity are valid, and tpat fh9 dgcay_time
constent g can be equal to the true lifetime. This lifetime is th
photoconductivity response lifetime and may be equal to the conduc-
tivity lifetime under the preceeding assumption, Singe‘the Photgw

conductivity can be due to the transport of either or both carriers,
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depending on the semiconductor under observation, the conductivity
lifetime is e'combination lifetime lasting as long as either cayrrier
is free. In agreement with Rose, Bube (32) concludes that generally
the decay of photocurrent consists of two parts, an initial rap;d pars
corresponding to the direct recombination of free carriers, and a

" mich slower portion corresponding to the recombination of carriers
vhich have been freed from shallow traps. The time of decay of phote-
current in the usual cage is assumed to be determined by the Tecon-
bination with trepping centers and ground states (33). Glarke (34)
has carried through a mathematicel enelysis of the decay of photo-
current based on a model containing recombination and ¢rapping gen-
ters. His solution demonstrates the complexity of the problem,

Young (30) describes the diamond crystal used in this study as
having p type conductivity, and from studies of photoconductividy
behavior, the author classifies the photoconductivity in the diamend
as being largely due to holes with the electrons playing a smaller

"part in the process, Based on the results obtained in the diffugion
length -experiment (Chapter III), it would seem that the photoconduc-
tivity produced by the mercury arc light was all due to the majority
carrier however, the spectrum of thls 11gh% containe light of .
sufficiently short wavelengtha to exclte carriers across the energy
gap. The electron may have a very ahort 11fetime in the diamond but
its presence must not be neglected in phetocurrent sinece the conduc-
tivity lifetime is a summation of the lifetimes of both carriers,
The decay ef photocurrent after the light is removed from the sample

will depend on the decay of both carriers.



II. Method

Measurement of the carrier lifetime invoives the production and
detection of the excess carrier concentration in the semiconductor.
Excess holes are produced in the semiconductor by a wery short, in-
tense spark of light. The measurement of the change in sample eon-
ductance is accomplished by measuring the change in the'voltage drep
acroes a fixed resister in series with the sample.

Pigure 11 shows the circuit used in this experiment. The pulse
generator consists of apvroximately 150 feet of RGb8U~ecaxial cable
and a 5KV power supply. The pulse produced is 8 micr0=seconds‘in
duration with a rise time of about 0.2 micro-second and 0.2 to 0.4

micro-second fall time, When the relay is activated the delay line

discharges into a 51 ohm load producing a very intense spark of»light

at the electrodes, The light illuminates the crystal producing the
excess holes. The impedance of the diamond erystal used is approxi-
mately 1 meg~ohm; consequently a 1 meg-ohm load 33 was uged to meas-
ure the changs in sample conductance as the crystal was illuminated,
The crystal steady state electric field was provided by Rp. To pre-
vent any polarization or residual effects between pulses, the sample
was not pulsed continuously. A single pulse was applied te¢ the
crystal, and a photograph was taken of the response on a Tektronix
515 oscillescope. The end contacte on the sample were covered %o

rrevent any photo-voltalc. effects.
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I1I. Results

Referring to Fig, 12, the lifetime computed from these decay
curves give a value of 0.25 seconds, The decay curves were takep at
room temperature (300° K). The time constant of decay, assuming an eg-
uation of the form (35) Ke‘t/o' describes the decay of the photpcﬁwa
rent pulse, yields a valﬁe for lifetime that would imply a very long
lifetime in the diamond. The value could hardly be taken as represens
ting the free carrier lifetime since it is evidently several orders
of magnitude shorter than this value. The very long time of thip de-
“cay could not be attributed to the shallow trapping phenomena that
is usually associated with the long tail that accompanies the decay
of phbfbcurrent measured on other types of semiconductors., These tails
are assoclated with times ranging from 103 to 10"%seconds. In the
case of the diamond, the long decay is probably dﬁe t0o very slowly
emptying traps which would be much deeper in the forbidden zone
and require a much longer time to empty than the normael shallow traps
encountered.

It was found that the slow decay could be made even slower by
cooling the sample. The time constant of decay was increased to Q.U
seconds at a temperature of 260° K. The addition of a steady ambient
tungsten light had no noticeable effect on the time of decay of the

photocurrent pulse,
IV, Trapping

The results obtained in the fulse response experiment created

a necessity for a study to be made on the trapping phenomena observed
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in the sample.

The first investigation made on the trapping centers was in the
visible range of wavelengths. Using a camera shutter to obtain fast
illumination and cut off, a plot of photocurrent was made using the
vhole visible spectrum from a tungsten bulb. The photocurrent was
allowed to reach a steady value and then the light was removed from
the crystal. The decay of the photocurrent was timed, and the results
are shown in Fig. 13. The build up time required is shorter than the
decay, but this can be caused by the traps heving a different filling
and emptying time, If 1%t is assumed that the curve is exponential,
the time of decay is in the range of 40 mimutes. The curve is npt
an exponential; however, it is the sum of several exponential t?rmso
There are two peaks in the photoconductivity vs. wavelength in the
visible‘range (36), and the time constant of decay of these wave-
lengths were investigated. At 6300 i the decay constant was of the
order of 6 minutes, 8000 g gave g time constant of less than a min-
ute, while the H40O 3 took about 30 minutes to decay to 1/e of its
maximum value. When a decay is assigned to the whole visible spectrum
taken from photocurrent measurement, the measured quanity will be
the longest decay that is contained in that range of wavelengths,

Figure 14 ie a decay curve obtained from the spectrum of a
méréury arc light. Although this‘curve.ia obviously not a true eX=
~ponentia1 the constant of decay is in the range of 90 mimtes. |
Again an 1nvestlgatlon wa.s made at the peaks of the photocurrent vs,
wavelength vwhich are at 2220 A and 2280 A. Both of these wavelengths

yielded a valve of decay in the range of 90 mirutes, The traps filled
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by the uv light empty much slower than those associated with the
visible region. The build up time of the photocurrent in both the
visible and uv region is much faster than the decay. This can be ex-
plained by the fact that the filling and emptying of these traps does

not necessarily require the same amount of time.



CHAPTER VI
CONCLUSIONS AND SUGGESTIONS FOR FURTHER STUDY

The general methods uged in obtaining carrier lifetimes in semicon-
dictors have been used in an attempt to heasure lifetimes in the type
Ilb semiconducting diamond, The methods which have been used very suc-
cessfully in most semiconductors de“not seem to provide effective
means for actual measurement of carrier lifetimes in the present study.

The diffusion length experiment met with several difficulties
which are not present in thé case of semiconductors, such as germanium
end silicon, The diamond may have very high surface recombination rates,
and since this experiment is based on surface vhenomena creating a
diffusion current, the effect could be undetectable. The effect weuld
be small in any case, and this would necessitate ac measurements in
order to provide the n€cessary amplificstion.In the case of other semi-
conductors such as germanium it is possible to remove surface recom-
bination states by etching with acid, Possibly some technique could be
devised to remove surface recombination states in diamond. Although
the high impedance of the probe would not necessarily be detrimental
to the diffusion effect, it does amplify the pick-up and can over-
shadow any effect produced at the point.contact.

Much the same can be said about the PEM short-circuit current
method of measuring lifetimes, The high surface recombination rate
woﬁia rénder the effect practically impossible to measure, The con-
tact resistance would affect the PEM short-circuit current to a lesser

degree but could serlously cut down the short-clrcuit current, even
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to the extent that 1t would be impossible to measure.

Although all measurements of carrier lifetimes using the pulse
responge method on semiconductors are plagued with the trapping phe-
nomena, the degree can be much less in the case of a small energy
gap. Diamond with an erergy gap“of 5#%'ev canfcontain many multiple
trapping levels with different times of emptying associated with
each, From the invéstigations made in Chapter V, it would seem that
the decay times vary with the depth of the traps. The trapping doés
not necessarily have to be a simple process; it can be highly comvlex
and varied. Tﬁe curves of the decay of the photocurrent show that the
trapping is not a single exponential type, but it contains several
terms which have to be studied independently. It was known that ac
photoconductivity measurements could be made on this particular
sample. The chopped light frequency of U8B0 cycles per second applied
to. the sample produced an ac vthotocurrent; this meant that there was
at leazst a lifetime less than one milllisecond or the diamond would
not respond to this frgqnency.

Observations were made on the build up and decay of the photos
current produéed by a U480 cycle light chopper. The initial rise or
fall of the photocurrent can provide a means of determining the con-
ductivity 1lifetime. The photo-signal required 100 microseconds to
bulld up to (1 —1/?5 of ite maximum. Since the light from the chopper
is not on and off instantaneocusly, the lifetime determined from the
curve will be an upper limit, It is concluded that the conductivity
lifetime is less than 100 microseconds.

The author intends to meke a further study of the lifetimes in the

diamond with the accent.on ney methods and different approcaches.
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The use of a Kerr cell for fast illumination might provide a method of
finding the very fast decay that must surely be contained in the dia-
mond. Also the Van De Graff accelerator can be used to obtain a beam
of high speed electrons which can be started and terminated guickly,
enabling a determination of lifetimes from the initial decay portion
of the curve.

The investigation made on the many trapping levels obtained from
the study of photocurrent decay provide useful information which is
necessary to predict the model to be associated with the diamond cry-
stal, The trapping levels appear all the way from the visible wave-
lengths (including the near infra-red) to the far ultra-violet regions
of wavelengthe. The diamond with its wide energy gap provides a broad
territory for the investigations of trapping with the emphasis on
capture cross sections both for the minority carriers and the major-

ity carriers.
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