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1. INTRODUCTION

By plotting the experimental I-V characteristic for the most one
carrier semiconductors one may observe four regions (Fig. 1). At very
low voltages the I-V characteristic slope is ~ 1 (region 1), while at
a little higher voltages its slope becomes ~ 2 {regiom 2). At a certain
voltage just higher than those of region 2, i.e. in region 3, its slope
rises sharply until region 4 is reached, where it obtaines again the
value ~ 2 [1], [2]

At very low voltages (regions 1) the injected carrier density is
less than the free carrier density and Ohm’s law is obeyed. For an n-type
semiconductor, one has,

T =neuq —Yf (1)
where n is the free elactron density, ¢ the electron charge, pa the ele-
ctron mobility and V the applied Voltage hetween the two electrodes
at a distance Z.

When the injected electron density becomes greater than that
of the free one the current is modified by the trap in the semicondu-
ctor, L.e. region 2. At a certain higher voltage Vy, the trap is {illed with
electrons and the current rises in region 3 almost vertically, until it
reaches its trap free space-charge limited region 4. The value Vi is
given by

V,, = eXd?je (2)
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Fig. 1. I-V characteristic for @ n-type semiconducior. 1) Ohknt’s law region. 2) Mo-
dified Mott and Gurney lew region due to the traps. 3} Trop filled limit region,
and 4] Trap free Mott and Gurney law region.

where X is the concentration of the considered trap, e the dielectric
constant and d the thickness of the considered crystal [1], [2].

Since the concentration of majority carriers in the regions 2 and 3
depends on traps the I-V characteristics of one-carrier semiconductors
have been used widely to determine both the concentration and the
energy level, of these traps within the forbidden gap. Tn a series of publi-
cations I-V characteristics of space charge limited current were applied
in various modifications for these purposes.

2. CONVENTIONAL ANALYSIS OF I-V CHARACTERISTICS

The free electron concentration n for an n-type and not degene-
rated semiconductor is given by equation [3], [4].

Nt D Xd(E—Ex) =G
i
where X is the concentration for localized states with the energy level
Ee— Ei under the conduction band-minimum K, {(E, — Er) is its

ocoupation probabilily with elecirons and Er 1z the Fermi energy. So
C is a constant used to express the total amount of electrons in the
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conduction band plus the elestrons which are in localized states in the
energy gap. If only one kind of levels X, is present, then eq. 3 hecomes

n“lﬁxl*E *‘:X1 (4)

n - nx

where ny 18 the [ree electron density when Ee = Ey [B1

In the case when injection of electrons in the semiconductor takes
place, one must add in the right side of eq. (3) a term Cy; for the con-
centration of the injected carriers

— n
o 2 i = = (0 .
n i Xl N+ n,, C | Cim (

o
—

Let us examine the I-V characteristic of an n-lype and not degene-
rated semiconductor including only one kind of electron traps at lhe
energy level £, — E, under E; and with concentration X;.

For low voltages, i.e. Er < 5] all the injected carriers are trapped
in the level E;; Ciy is much smaller than n and ep. (5) hecomes:

n+ X - o~ o C (6)

n oy N,
Since I is given [rom T = nh/Vuse/d where d is the crystal thickness,
‘it results thal T = Const.xV (Ohm’s law).

For higher voltages Cinj= n. in this case E, is almost filled with
electrons and Er=~ E.. E,. (5) becomes:

7

. X
H*\L}\ _n»‘L n;—ﬁn~+—§’:C+Cluj (7)

n

Since Cinj 18 a linear function of V {17, [6] it results that I~ V2 (mo-
dified Mott and Gurney law).

For the critical voltage Vi, which corresponds to Lhe situation when
the level E; i1s just filled with electrons, can be proved [6] that

Vi, = eX 22/ 2)

In this case I rises superlinear with increasing voltage, since the total
amount of the injected carriers remains new in the conduction band.
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For stronger voltages, Er is shifted far away over E|, so that
Er > E; and eq. (5) may be written as

1 2= C(nj (8 )

The current becomes really space-charge limited. The I-V characte-
ristic shows the slope ~ 2.

Fig. 2a shows the modification of the I-V characteristic by the
concentration X; Fig. 2b shows the modification of the I-V chara-
cteristic by C.
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Fig. 2a and b: Modification of the I-V characieristic by the trap concentration
X, (Fig. 2a) and by the compensation C (Fig. 2b). The full curve of Fig. 2b is com-
puted for Xy =4 x IMWem3, B =025eV and C= 102X, the dashed eurve of
Fig. 26 is computed for X, =4 x 10 em=3, F| = 0,25eV and € = 10-*X,; the dot-
dashed curve of Fig. 2b is computed for X; =4 x I0em?, E, = 0.25¢V and € =
11X, The curves of Fig. 2a show how the inittial I-V characteristic (dor-dashed/
curve) 1s modified if the eoncentration X, of the irap increases from 4 x IPcm-°
to 4 x 10%2em=? (full curve) and then to 4 < 10Vem? (dashed curve).

The simple way for the determination of a trap as reported above
15 possible only if one discrete level is assumed and if C has a small
value. When two traps are present the sitvation is much more cormpli-
cated and one has to be very lucky to discriminate the two different
levels [7], since not only the superlinear regions overlap, but also the
transitions from Linear regions to superlinear cnes are not sharp encugh.
To avoid this difficulty we tried another way. Namely, we evaluated
the 1-V characteristics differentially, as follows.
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3. DIFFERENTIAL EVALUATION OF THE I-V CHARACTERISTIC.

The relation between the amount ol injected carriers Ciy; and
the voltage V, which is responsible for the injection, is given by the
Poisson equation

= Ciaj(z) )

where z 18 the distance of a point in the semiconductor interior from
the injection electrode and ¢, = 8.85.1012 A.s/V.m. Approximating this
expression for the anode region ome obtaines

dz2V(z) : e
= AV = ey Ciuj (10)
Using eq. (10), eq. (5) becomes
n Zegy
- —C. 1
I1+Z}‘n+nn C+ LV (11)

In this case if V increases by AV, then the Fermi level 1s shifted towards
E: by AEr. Differenting eq. (11) with respect to Er one obtains:

3 , d(n+EXe——)
%‘:cokT é,,\_i_ gaookT dV o i n T lei —n + kTEXl __Q.lei

ef? Er  el2 dEr dEr i (n+nxi)2( )

In the right side of eq. (42) the terms kTX {nny;) / (0 + nx)? represent
in a log d{n -+ EXm( D -+ Ny )/ dEr versus Ec—Er plot, hyperbola-like

curves having maxima al the points (E, — Ex; Xi/4). The quotient
AV/AEr can be obtaiued from the measured I-V characteristic by nu-
merical differentation; plotting then log{2es kT/el2)AV/AEr versus
Ee— Er, we ean directly determine the encrgy levels and the concen-
trations of the traps from the hyperbola-like curves maxima due to
them.

Ten discrete traps have been resolved at (0.055ev; 0.06beV; (114heV;
0.157eV; 0.255eV; 0.280eV; 0.420eV; 0.500eV; 0.580eV and 0.625eV
under the conduction band minimum. Their corresponding concentra-
tions are in the range 10Mem -2 — 105cm 3.
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Fig. 3. loghTZnng, Xil(n % ng)* cersus Ec — Ep, for CdS single crystals (full curves}. The points show ithe experimental daiw;
i

the dnshed curves shows the single terms of the sum kTnngXi/(n < nz) in a log plot versus £, — L,
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NMEPIAHYH

ATAQOPIKH AIIOTIMHXH XAPAKTHPIZTIKON
TAXHZ-ENTAXHX ¥E HMIATQIOYY ENOX EIAOTYE GOPEQN.
ECLAPMOI'H ZE KPYXTAAAOYE CdS

‘Tro
A ANATNOZTOITOTAOL, A. KAPOTTHE KAI 1. ZTITPIAEATE

(" Egyaarigio A’ “Edgac Quowdic, *Apiototédes Hay [ Oco fvbxng)

‘H Swxgpopind; dmotipnon yepunmeiatindy thane-Evtaang TeplyodpeTal
ooy wélodog mpocdiopiopol dvopairdy Sopfg oF fulaywyolg xol Eoopud-
Teral athv wpoodopoud =&y dvopaitdy dopfs wovoxpustdihwy CdS.
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