CHAPTER VII
DISCUSSION
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cover a,large range depending on the current. Because our instrument is not
suitable for such investigation interested readers are invited to read the original
works (Tantraporn, 1970; Tantraporn, 1972; Tantraporn, 1980).




7.2 The Pseudo-Richardson Model

a) To illustrate the idea of the pseudo-Richardson model, we calculate the
V-T dependence at constant reverse current by :

1) using only tlmmumnc 1. ,T;ect tunneling contribution of hole below

tion of hole above and below

3) neglecting th

e ARSI M = e

current 1 mA) by assuming only thermionic emission (only TE), thermionic-field
emission (TFE), or only tunneling (neglect TE). The temperature value at which the
voltage start to increase significantly in the case TFE is slightly lower than those for
the other two cases. The parameters used in calculation are 01) =05evV,A=01ev,
m* = 1, Na(b) = 1x1017 em™3, Ny(s) = 1x1020 cm3,0L = 0.15 /A, Agpp = 1x10°2

cmz, density of state effective mass = 1, and dielectric constant = 10.



For TFE, upon cooling, the temperature that the voltage start to increase
Ji.e. the split temperature is lower which correspond to smaller Beff than the other
two. Thus pseudo-Richardson model assumed as if there is only one conduction
mechanism, i.e. thermionic emission, other possible conduction mechanisms are

absorbed by the reduction of the barl'l to be Beff. Note that this model works

even most of the current due to unneli

o\
lic criterion in the section4.2 is
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of the bulk. More importantly

reasonable. It is define

both contacts of differen
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same area, can be fabncated mrﬂm Wm not only simplifying sample
preparation, but al@éi '
the lower branch at :

ation of the "bulk" part of
it temperature. In addition, it

is a relatively easy c:xPerxment, which can clearly seperate the bulk and barrier
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Table5 ? one can see that R.(prm) is properly bound. The source of error of
Re(prm) should be Agff A* which may contain a substantial percentage error
due to graphical extrapolation and the logarithmic nature of the Richardson plot.
However, in some cases R¢(prm) is found larger than Ry, indicating some error in

either Rc(prm) or R; measurement.



Tablel0 below shows the comparison between Aapp and Agff A*. In
this table, the small Aypp correlates well with the small Aeff A*. Since Aypp
depends on the insulator thickness, as seen in eq. 4.3.2.1. However, in the
pseudo-Richardson model Aggf and A* appear in compound form which could
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C3/16/2 1.61x10-4 6.3x10-4
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7.8 The Ohmic Range of the Best Au/p-CulnSeg Contact

From Acff A* and Begf in Table 5, one can calculate the I, V and T
combination at which the contact becomes blocking. According to the section 4.2,

a contact is not ohmic (blocking) when the current used in measurement exceeds

the Richardson current. O \@ 3 . encounter with barrier effect in

Table 5. If one, howe

Pr s the
measurement, the Rl::hardsm},,mwf Rich:
4.1.1 should be : {1';'},

D

IRich = 2. 4:90—4 T2 exp( - 0,200 /kT)
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Supporse that one used’ current 200x10® A ingthis measurement,
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is about 213 K. At temperature lower than 213 K , at this current, one would in

fact already encounter the barrier effect. This shows that, even our best contact at
not too high current density, i.e. about 2x10-2 AfcmZ2, cannot safely be regarded

as ohmic contact at 213 K, not too far from room temperature.



Using a current larger than the Richardson current in an experiment
designed to determined the bulk's activation energy, the activation energy value
obtained may in fact be the barrier effect. The value of Bgff in Table 5 happens
to be comparable to deep impurities levels in most solids. So, one must be careful
in measuring the value of the bulk's af;vatmn energy in this energy range.
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7.4 General Dlscussmnmmyg

a) In fitting _ 1_ h:ﬂ,K conduction area is reduced
by normalized the 4 dahgomn call base. This base get

, and thc accuracies in the resultant
-

fitting parameters depefid /on 4 example, if for some reason the
Lad A

the other data points are €orzgct, The 1t ameters tend to give the barrier

shape which is too low and 160 fin hanit$hould be. That is, § tends to be too

low, ﬁ tends too low, stc. | -.

In principle, one_should give equal weight to every data point and obtain
Aapp as nneﬂou&c%mgrwcﬂanmniud by the base. But

this m§. add tn the overall systefn error; moresparameters givé larger total error.
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unjusuﬁed.

The valid split voltage is obtained when the lower branch voltage is
still due to the "bulk" ie., the larger contact is still not blocking. The lower
branch should not show rapid increase, i.e. unlike Fig.18. Of all the data, we



choose intermediate current and temperature with large range in the graph, as the
base in Table6 and 8. All data in Table 7 are chosen on this basis.

b) For some contacts, Agpp have nearly equal to the electrode area. For
example : the Aypp of #B4;’9,~‘2 is 7. xlﬂ'3 cm2 nearly equal to 9.5x10-3 ¢cm2
which is the electrode the "electrode area testing" of

Tantraporn (1972), m& re@ty &e{ and the fitting parameters

should have physical

because of the edge effcct. pin hole, Etchmess, ‘and a thin series insulator.

However, in ﬁsw E:} %W@%Bﬂ.ﬁ'ﬁp&dm the existence

of a thin ins tur inbetween the: metal and setmcond for the case of
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7.5 The Significant Barrier Parameters for Au/p-CulnSeg

According to the section 4.3.1 and 7.4.b, the three significant barrier
parameters of Au/p-CulnSe) that were obtained from fitting are :

The barrier he;ghs.Q\ ra 3608 - 0.5680 eV. The value of

barrier height of Au!p? Mm et. al. is 0.6 eV. However,

These values are the
from Hall measuremen

concentration.

Since the effective riss of lig ole of uInSez are 0.092 and 0.73

respectively, the light sholes appear to gontribute more than the heavy holes in
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It is interesting to note that in eq. 4.3.2.3 m™* occurs as a product
with [B(x;V) - E] derived from the WKB model with the profile of B(x;V)
obtained from integrating the one dimensional Poisson equation. Therefc';-re, mt
can absorb the non one-dimensional effects in the case that the metal-
semiconductor interface is not an infinite, flat, plane. Nature is kind. The real



surface is very non-ideal in the microscale and yet the one dimensional WKB
model suffices. |

7.6 The Expectation Value of the Lowest Contact Resistivity of Near

Ay
For Am‘p-Culuwﬁ ‘ eﬂﬁdmscn atmosphere (about 300-

tacts Even with deposited Au

Stoichiometry p- CquSez

However, it indicatqjha't" the ohmic ¢ ' uﬁpmpemcs measurement) of

p-CulnSe) probably cannot be obtained ,from traditional process, i.e. by heat
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in DACCT measurement. They also show unexpected pattern, i.e. did not look
like Fig.7 and 8, which were the results of careful experiment. This could be due
to trap-related effects. We at this time cannot interpret the data with unsteady
signals. Other high resistance contacts also show similar effect.
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It is worthwhile to note that in the early stage of trying to make ohmic
contact of Au/p-CulnSe), more than a hundred contacts were rejected because
they yielded unsteady behaviors and /or they didnot yield a clear splitting
DACCT pattern.

For Au!p—CuInScz, @’W rule in fabrication of an ohmic

contact. That is to avoi pga uch as possible, otherwise one
usually gets high r:.ﬂ

definition of Rappmjp; 0). Wh

Pe(fit) which is the lower limit of the gontact resistivity. Since Au is the best

metal for dﬂ w ’c} wtﬂfnweﬂ eadﬂﬁ substrates are near

stoichiometry, wc claim that the value of theslowest contact.resistivity of near
AR JAN A TEOAT: e

room temperature. Note that this value is not too far from 0.06 {2-cm2, the

I% with contact area one get

acceptable back contact for solar cells.
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7.7 The Decrease in the Doping Concentration Near the Interface of Some
Au/p-CulnSeg Contacts

Some Au contacts show the pattern similar that of the curve in Fig.19,
the voltages appears to continue upyard at high voltage even at low temperature.
The pattern is different fi om. A , ‘

Fig.19 Sample of the pattern of the decreas Fi of the doping concentration of some
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At a given cnnstantcuncnt,whenﬂmmperatmdccreases,ﬂmbmier
conduction needs a larger applied voltage, ie. higher electric field near the
interface is needed to sustain the continuity of current. For the same junction

electric field, according to Poisson equation, low doping concentration needs



more voltage than high doping. So, the pattern in Fig. 19 should be because as
the distance is far from the interface, the doping concentration decrease.

7.8 The Effect of Nonhomogeneity in a Substrate

Among the mm@},\lwm used and crude method

of electroding, there w-nm?ahld tenmv:h one would always obtain

emhh dependence on the

" due to ¢ nt compositions in the

good ohmic contact.
composition of the s

contacted layer may in the crystal substrate available.

N

h we can fabricate five Au

from the first to the l‘i}st freeze, the total resistar ere 0.98, 2.54 and 4.13 Q
respectively, the same trend
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s may not ade udtclf csmhhsh that first-freeze pértion will always
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7.9 The Mo/p-CulnSeg Contact

For as-deposited Mﬁfp-CuInScz contacts, because of their relatively high

resistance, there exists perhaps a homojunction. A homojunction is characterized
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as a high voltage low current devices (a p-n junction blocking the injection),
while a Schottky junction is a low voltage high current device (Rhoderick, 1978).
In the case of the Mo contact, our results are in agreement with Toro's (i.e. high
resistance contacts) which indicate a homojunction. Note that Mo was deposited
is released to p-CulnSej in the form of
heat and could convert the type kﬁi ni stor in the near-surface region. The

mechanism involved couﬂh‘e uutjiﬂ’@ 1986).

by sputtering. The kinetic energy o

lm\ammlx:ramre of Ni/p-
CulnSe; contact showedsan in M&aﬂn‘e In this range, the split

voltages at lcﬂ m& n&L M qlﬂﬁmm at the higher
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increases with temperature. It indicates that some refinements are needed in

The split vu]?yges at high ¢

the theoretical models used in explanation Nifp-CulnSep contact. At this
stage, we are not yet successful in explaining this effect.

However, the following argument may be the answer to the question.



Let us be, for the time being, interested only in the temperature, ie.
ignore the influence of the doping concentration. As the temperature
decreases, the mechanisms that dominate in the current conduction are

thermionic, thermionic-field, and field emission, respectively. These are the

well known situations. We are inte in the last case, the field emission,

in which the significant @ Al ﬁne from the flux above the

;

metal's Fermi level.

—'!

Normally, in
barrier, one consider

As the temperature decreases, the states in metal side below the

el Femi v 48 BB AT i o,

but the states abnve: the Fermi devel have decreasing probabilty.

clecront o 6 eidondielobid hpel oigh eI
side, at the energy below the metal Fermi level, they found fewer number of
the unoccupied states available, but with opposite situation for the energy
above the metal Fermi level. So, as the temperature decreases, the electron
flux in the energy range below the metal Fermi level become less

significant, while the flux above the Fermi level become more significant.
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There may be a situation that at given bias and low temperature, the
main parts of the significant flux lie above the metal Fermi level. In this
case, if the number of states above the metal Fermi level is large enough, as

the temperature decreases, the num occupied states increases. Since,

glectrons in the semiconductor

side upward, as can sec_in figure Ly ﬂhas is large enough, the

energy range near the met low the semiconductor
Fermi level. As a resul; iconductor side at

this energy range do In short, as the
temperture decreases, 7 significantly decrease,
while the sink significan & current, at given bias, may
increase, provided that arrier’s shapeyshould look like oxide's, and
because of this barrier shape, the truns oefficient doest not increase

The above descipﬁcgmay be seen in the following crude calculation.
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For simpTilcity, we used the réctangular basrier shape andiassumed that
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bias,is shown in figure 20.




Fig.20 The rectangulaBuries6f pitype semiconductor under reverse bias.

FM, FS and EypEg "

valence band edge ofthe ¢

Setting the meffl }

electrons that inciderf i e, i x~din ommal to the barrier in the
VT

semiconductor side, under the revers i V, is given by, see for example

Fowler(1955) :

roo b ARG o
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symbols are as usual.

At a given energy, the differential current density from semiconductor
to metal may be :

dlgm = C F(V,T;Ex) DEy) (1 (Ex)] P (By) dEx  7.102
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where

D(Ey) is the transmission coefficient

fry (Ey) is the Fermi-Dirac distribution function in the metal
P (Ex) is the density of states in the metal

c is the constant which set the dimension of the above

So, the total flux may be :

ﬂ‘iJf:J’W]EJﬂ‘ﬁWEJ’]ﬂ‘ﬁ

F{VTE,}pﬁE,)u fu(Ex))Pn (Ex)dE;  7.103
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Thc transmission coefficient D(Ex) will be calculated from eq.4.3.2.3.

Table 11 below shows the flux distribution at 100 and 200 K, the
effective mass of the semiconductor m* and the tunneling effective mass in
eq.4.3.2.3 are set to 1 and 0.1, respectively. The barrier hight and the barrier
width are -035 eV and 30 angsttoms. The different between the




semiconductor Fermi level and the valence band edge is 0.1 eV, the bias is
0.25 volts. The density of states Pp,(Ex), assume to be constant, at 20. The
incremental of the energy dEy is 0.005 eV.

E __ 3t 100 K WZODK)

(eV) 2 sec)

-0.345 . '-l r— \\\

-0.340

-0.335

-0.330

-0.325

-0.320

-0.315

-0.310

-0.305 0.48

20300 mgo 0269497
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-0.290 4 -5.7638 27.8893
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-0.275 29.3275

-0.270 -1.5192 29.8130

-0.265 -0.4510 30.3010

-0.260 0.6195 30.7912

-0.255 1.6921 31.2836

-0.250 2.7666 31.7779




E In(dJgy at 100 K)  In(dJgy, at 200 K )
eV) In(particles/em? sec) In(particles/cm?2 sec)

0.255 1.6921 31.2836
-0.250
-0.245
-0.240
-0.235
-0.230
-0.225
-0.220
-0.215
-0.210
-0.205
-0.200
-0.195
-0.190
-0.185
-0.180
-0.175
-0.170 2.39.8622
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-0.160 U 22.3211 433332

AT @AY

-0.145 25.6051 424312
-0.140 26.7007 42.9464
-0.135 27.7968 43.4621
-0.130 28.8933 43.9781
-0.125 29.9903 44.4945
-0.120 31.0876 45.0111
-0.115 32.1852° 45.5279




E
(eV)

In(dJgm at 100 K)  In(dJgy, at 200 K )
In(particles/em? sec) In(particles/cm? sec)

-0.120
-0.115
-0.110
-0.105
-0.100
-0.095
-0.090
-0.085
-0.080
-0.075
-0.070
-0.065
-0.060
-0.055

0050 [ \46.4717

-0.045
-0.040
-0.035

ppssail

gy gl
-3.0 10
-0.005
-0.000
0.005
0.010
0.015

0.020
0.025

31.0876
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~
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45.0111
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497453
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0.93.5945
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54.7375
55.4941
56.0973
56.5344
56.8180
56.9795
57.0548
57.0743

55.5541
55.8463
56.0973
56.3063
56.4741
56.6031
56.6969
56.7600




(eV)

In(dJgm at 100K)  In(dJgy at 200 K )
In(particles/cm? sec) In(particles/cm? sec)

0.020
0.025
0.030
0.035
0.040
0.045
0.050
0.055
0.060
0.065
0.070
0.075
0.080
0.085
0.090
0.095
0.100
0.105

0.140
0.145

InGrotal)

57.0548 56.6969
57.0743 56.7600
57.0596 '

56:152 036.1477
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0.115

o g ) UEEnena e

D 130
0.135

55.7895 55.7885
55.7128 55.7121
55.6343 55.6340
55.5540 55.5539

59.9685 59.8811
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where Jigpa] in the last line is the total flux at each temperature. It
shows that, at this bias, the current density at low temperature is greater than

at high temperature.
Although the above ?@Uy/ lified, it however indicates
possible mechanisms l hehavmr Note that,for

Ni, there is a large
(Mattheiss, 1964), while
that, for Ni, there is
observed for Au.

| _ab-ave the Fermi level
is may be the reason

ile the behavior is not

By AES analysis, e presence of oxygen throughout
the Ni layer of Ni/p-CulnSe) & ? may support the blunt barrier

I ' i
All of the d pnun and the calculauon in section are merely to
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Of course, more rigorous thmncgl calculaunns and cxpenmmts should be
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of the p#.sent thesis, and is left as a future pursuit.
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