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APENDIX A
DERIVATION OF THE CURRENT DENSITY

The original derivation of forward bias, n-type semoconductor is in
the section 4 of Kupka(1991). We apply this derivation for the case of p-type

et o A D YR e i T

FM and FS afé the metal and the semiconductor Fermi lcvrdsl respectively.
oo YRR 184 AR A e ot e e e
mcludmg image foce lowering. The A is the difference between the valence
band edge and the semiconductor Fermi level, assigned a plus sign in the

case shown in this figure.

For convenience, in p-type semiconductor the energy is measured

downward.



At the center of the Brillouin zone of p-CulnSe, the light and heavy
hole band are nearly degenerate. We assume that they are degenerate, and
that the current from the two band are additive.

Consider the light holes first. The semiconductor-metal current
density for light hole is :

~ O
L
oo

Physically in the above'e: ' he clectron tunnel from the metal to
kA 2 ) N

Using

H(P) = (A2)

ﬁw sheIng
f-i;ﬁﬁraﬂﬂmmﬁmné‘a

Where E is the hole energy, fg is the semiconductor Fermi-Dirac

(A3)

distribution , Eg is the Fermi level at equilibrium, V in A2 is plus sign for
reverse bias. Thus:
el e 2q I j j Dee)[1— Ree)]dp,dp,
Py

a +e(E+qv-Ef”H) dE, (A4)
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The reflection probability is given by the metal Fermi-Dirac distribution
1

R(E)=f_ = [1+G{E-E,].~"H] (AS5)
so that

e w,

Tom = B3 7B Bh) 4 SEE }frr][l_]_ cE+qV"Eﬂ!¥T] x (A6)

////

The metal-semiconduct et d m the same way. It is

'f "x*t: ar

g % [ ] I ANNE: s
™2 e R 2

? 7o e GBIy e SERRCEOINT
The total reverse curre

=1 =3

=2 (A8)
h3

Assuming

@uﬁqwﬂmiwaﬁnﬁ
aﬁwaa\minf‘u%ﬁwmaﬂ i

I is the effective mass of light hole at the band edge.

By given
P P Ex — Ef qv
¥ z — —
Y=—TF— Z=—1— a= ;u= (A10)
@m, k1) (2m, kT)"! kT kT

So that




4qm1 J' ]_ I D{E]¢{1+Y=+Zl}[‘_l]ﬂdz

¢.+Y‘+z‘}ll+ (a+Y +Z' +u)

dE, (All)

E, Y=—-% ZI=-o0 “ g

transferring into cylindrical coordinates, the angular integration is 27T.

(A12)

(A13)

(A14)

Similarly, for heavy hdh

ﬂum‘nﬂmwmm




x—Eg)/kT
dEx (A16)

2 41cq(mf + mp KT 1+e
Tp= 5 |DE,)
R Ex

Assuming that for holes having energy more than Bp,,x, the transmission
coefficient D(Ex) = 1. The final current density is

u..x“
D/ \»;x R [ A1)

5 \\

P

E ﬂ
ﬂ‘lJEl’JﬂEWIﬁWEI']ﬂ‘i

’Q‘mﬁﬂﬂ‘im URIAINYA Y



APPENDIX B
STEP CONSTANT CURRENT

The diagram of step constant current used in DACCT measurement is

shown below.

OSILLATOR
GRAPH
RECORDER
CONSTANT
CURRENT
SELECTOR
It composes 3f

\l.-r

(a) Voltage source, s&wn mP-"l_g.Z?.a )

oo SHEMENCNE I, o e
o QAT 9| T T e

(d) ConStant current source, shown in Fig.22d. Also shown in this figure are the
resistance values used in shift the zero voltage that sustaining on the sample of
each constant current.

(e) time delay trigger, shown in Fig.22e, the time delay used is about 3/4 s.

() Flip-flop used in change polarity of constant current, shown in Fig.22f.




+22V

0

=32 [

+15V
g e 7815
3300uF  |033uF i 0.01 uF
Voltage Source
Fig.22a Voltage source +22V and regulated +15V
0+15V

Fig.22b Oscillator 1

Fig.22c¢ Constant current selector, oscillator, flip-flop, and the relays of constant

current source.
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Fig.22d Constant current so! r}fgf-%;; ght hand are the resistance used in

shift zero voltage. TBe insetare he remainder portsSEMC1558, und the detal of

LM336. v
AULINENINYINS
RINNIUUNININY
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+15V
o
% 47K L L éﬂﬂﬂ
Trigger 2 LM 7
555
updtly W)
)
o sseries
3 3
Trigger /G
Fig.22e Trigger which compase .z . . Inset at the bottom left hand

y 0

T —
LU INGRWINT .

S a1

SR RRNLRLIE R

il
BIRY

Flip flop

Fig.22f Show the detail of flip-fop.
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The time interval that the sample sustains a constant current is limited by
oscillator (clock), about 1 s, for each constant current value. At about 3/4 s, the
trigger sends a pulse to the graph recorder to record the voltage sustained across
the sample. After this, the constant current selector selects a higher constant

current value and the cycle repeats. After the highest current value is reached, the
sample is allowed to relax to zero

ith no apply current for about 5 s, then the

ector starts to select the lowest

AULINENINEINS
RINNTUANINIAY



APPENDIX C

COMPUTER PROGRAM FOR FITTING

Referring to the illustration in Fig.4 for the three-dimensional parameter

I i
The cumpu; program below, i.e. “pmglgn fitting", is based on the
[

fterative mWﬂﬁ% ﬂ%’mm (1966). Here, it was

written in PASCAL language. The data was m "data file", at the end of "program

wine WIANN I URIINYIA Y

This computer program in the present form is not yet to be regarded
perfect, but can be effectively used.



Program Fitting ;
" {$N+E+}
Uses  Crt, Dos, Printer;

e CUEANENTNYINS
sl Ingnay

Ulimit : Extended;
End;

130




12

Var

TDat. = TemData; { There are NumPoint - 1 TDat}
NumPoint : Integer; { NL in Fortran }
ErrMinPara  : Parameter; [ EMIN set }
OldEMin : Parameter; { Old EMIN set used in extra |}
ErrLimit : Extended; { Limit for min error }
Found : Boolean; §@\lf- ion or not }
NewPoint | ] i }
RealNewPoint :Pmﬁ ——

NumData : }
Data }
ParaStep }
StepLength  : Exten }
Adjust me adjustable factor }
MaxParaNum : Integer; ber of parameter |}
Cause

OutFile :

SteppingNum : Integer; { First Parameter to be step |

renter £ WIS PIHEDLNS, s
. AN DT NNLAY

Bmax : Extended; [ maximum barrier shape }
DBmax : Extended; { position of Bmax from interface }
Const

K = 13.6; (low frequency dielectric constant of CISe }
Mden = 0.73; ({density of state effective mass for p-CISe }



dE = 0.005;{eV}

kB = 0.0000861733; {eV/Kelvin}
Procedure InitData ;

Var

Function tanh ( X : Exten :‘;r

*

B

- BNSANINTNYINT
ARIRLIUNNING A

If X <(-5) Then tempo :=- 1
Else tempo := (exp(X) - exp(-X)) / (exp(X) + exp(-X));
tanh := tempo;

End;
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Procedure Add (A, B: Parameter; Var C : Parameter);
Var
I : Integer;
Begin
For I := 1 to MaxParaNum Do
C.Para[l] := A Para[l] + B.Para
C.Emr :=9999;
C.Mode :='ADD’;

End 7

Procedure Sub (A, F

Var \\ |
I : Integer; &Q,_Z:'

Begin
For I := 1 to MaxParaNuss E$'1 e

C.Para[l] := A. ;_=_=_-_— =
C.Emr :=9999; Eﬂ m

CMode := 'SUB}; ¢ ..

Bnd: ﬂummmwmm
m.,amm DIANIAI VAN,

: Integer;
Begin
For I := 1 to MaxParaNum Do
C.Para[l] := A.Para[l] * K;
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C.Err :=9999;
C.Mode := 'MUL";
End;

Procedure Transform (P:Parameter; Var RealP:Parameter );

RealP.Para[2] := P.Pare - -'
RealP.Para[3] :=
RealP.Para[4] := P.P.

RealP.Err := 9999,

Function nﬂ-%%l AP PRI Foenss

V"ug..mmmm NWIINIAY




u,gt *K/90.47635/RP.Para[4])

- (2*RP Para[S)E 4]/RP AP.Para[6]);

If Tempo < 2500 :J:- 9
Else

S :=Sqrt(Tempo
End; L

Begin
If d > 1 Then ‘a

e AUEINYNTNYINS

Barshape := (130.9527(}[{()#( Para[4]*S*S/2) - (RP.Para[4]*S*d)
A R ANt s L et

* (exp(-RP.Para[6]*d))) - X.X[1] + RP.Para[2]-(3.599940/K/d);
End

Else

Begin

135




Tempo := (180.95270/K) * ((RP.Para[4]*$*5/2) - (RP.Para[4]*S)
+ (RPPara[4]/2) + (RP.Para[5]/RP.Para[6]/RP Para[6])
*(exp(-RP.Para[6]))) - X.X[1] + RP.Para[2] - (3.599940/K);
Barshape := Tempo * d;
End;

If d > 550 Then ¢ .

=f UL INYNITNYINT
ai&mammummmaa

End.

Until y < z;
d:=d- 1.0
y:=-9999;
Repeat




z=Y;
d:=d + 0.001;

y:= Barshape(d);
If d > 530 Them =+
iy

AU INENTNYINS
AEAINTNNNINYAE

d:= d - 0.0005;
If d > 500 Then Bmax := 999999

Else
Bmax := Barshape(d);
DBmax := d;
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Procedure ThermioFluxCal;
Var
y.a,b Extended;
Cmst \
kB1 = 1.380662E-16; {erg/Kels
hl = 6.626176E-27; [erg*se
m0 = 0.9109534
Begin
a:= exp(-Bmax/kB/X'X[J
b:= exp((-Bmax - ...
y:=(4 *Pi *m0 * Mde *kB1 ¥ By
ThermioFlux := y; =
GotoXY(30,14);Write(
End;

y

Procedure TunnelFluxCal

Var ﬂﬁﬂ?ﬂﬂﬂﬁﬂﬂ?ﬂﬁ

m%iﬁiﬂmmmaﬂ

y,z,a,b,c,dRL,Tempo :Extended;

M,I :Integer;
Begin
SubA =0;

SubTun :=0;



Tempo :=0;

TunCoef :=0;

StopTunnel:= False;

a =0

b:=0;

NewSlab.Energy  := NewSlab.
If NewSlab.Energy > 0 Then

Until y < New3lahE b
NewSlab.Llimit
Repeat

y:= Barshape(NewSlab Llimity,
Vi
Until y < NewStab.E

NewSlab.Llimit i' ewSIab.Llumt o 0.005;

End ﬂ‘lJEJ’J“fIEJﬂ‘ﬁWEJ’]ﬂ‘i
Neammnizu UA1AINYAY

dxL =(DBmax NewSlab.Llimit)/5;
LstackA := 0;
ForI:=1to5 Do
Begin
Tempo := (NewSlab.Llimit + (I *dxL) - (dxL/2));



Tempo := Barshape(Tempo);

Tempo := Tempo - NewSlab.Energy;

Tempo := Sqrt(Tempo);

LstackA := LstackA + (dxL * Tempo);
End;

UstackA :=0; ¢

mﬁumwﬂmwmm
q ﬁ’i@m SRLRAANES Y

Tempo := Barshape(Tempo);

Tempo := Tempo - NewSlab.Energy;

Tempo := Sqrt(Tempo);

UstackA := UstackA + (dxU * Tempo) ;
End;




SubA := SubA + UstackA;

Tempo := SubA * Sqrt(RP.Para[3]);
TunCoef := exp(-1.02463 * Tempo);
EO := NewSlab.Energy + (dE/2);

a :=Ln(l + exp(-EﬂkaM[zl)):

: IXXDD}
If EO <0 Then R

*a * TunCoef * dE

Else
Begin
R := ((8.70% a * TunCoef *dE;
L := ((8.7040824)" b * TunCoef * dE;
SubTun :=

End;

OldSLab.Energy := NewSlab.E

mdsﬁ»w ARBHINYINT

DldSla .Ulimit := OldS1ab.Ulimit;

AR USRI INY1A Y

Then StopTunnel := True
Else
If (NewSlab.Energy - dE) < (-X.X[1] + RP.Para[2])
Then StopTunnel := True;
GotoXY(30,12); Write(’ ")



End;

Begin{Main theoryfunc}
OldSlab.Energy =0;
OldSlab.Llimit = ()
OldSlab.Ulimit =0
NewSlab.Energy :=0;
NewSlab.Llimit = 05
NewSlab.Ulimit '
SubTun
MaxSubTun
SubA

Bmax

Barwidth;

s 08 ST N EJ 17T
“‘%Fﬁ“%iigﬁ”%m NN Y

OldSlab.Llimit  := DBmax;
0OldSlab.Ulimit  := DBmax;



NewSlab.Energy := Bmax;

NewSlab.Llimit := DBmax;

NewSlab.Ulimit := DBmax;

If (S = 999999) Or (Bmax = 999999) Or ((Bmax - dE) < 0) Then
TheoryFunc  := 999999

Procedure Error fil {
Var

! ﬂe%ﬁ?“flﬂﬂﬁwmﬂ‘ﬁ
n&wm&mm UAIINYIAY

Erthg BooLean;
Begin
ErrFlag := False;
ForI := NumData Downto 1 Do

Begin




TTheo.TT[I] := TheoryFunc(A,Data[l]);
If(TTheo.TT[I] = 999999) Then

Error := Error + Sqr( _gr_rn T n' Dat. TD[I]) / TDat. TD[I]);

A o= Sqn( i _J

mﬂW?MﬂiﬂJ UR1AINYAY

Procedure Initialize;
Var
I : Integer;

FileN : Text




InPutlLine : Lineln;
FirstParaSet : Parameter;

Function Extract (Var StrLine : Lineln) : Extended;
Var

I : Integer;
. . §" Z
Len : Integer;
Code  : "“
Tempo
Begin
=0
Len := Length ( StrLifle) -&L
Repeat
I=1+1 T
Until (Copy( S ;iz—":?*-::“z-
Strtempo = rLi

StrLine := Copy ( StrLine, I + 1, Len ; I)

wﬁmﬂawmwmm
mamé"ﬂmmummmaa

Procedure AcceptData ( Var X : ExpData);
Var

Code, ] : Integer;
Begin




ReadLn ( FileN, InPutLine);
ForJ:=1to 5 Do
X.X[J] := Extract ( InPutLine);
X.Y := Extract ( InPutLine);

Procedure Readng

- ﬂw’mwwmm
““mm@mwnwmas

Reset ( FileN);

ReadLn ( FileN, NumData);
For Num := 1 to NumData Do
AcceptData (Data[Num]);
ReadLn ( FileN, MaxParaNum),




ReadLn ( FileN, NumPoint);
ReadLn ( FileN, ErrLimit);

AcceptSet ( ParaStep);
ReadLn ( FileN, Adjust);

Close ( FileN);

e m.wmpg“”//

End;

w"mmmamwmn‘i
ﬂjﬂﬂﬂﬂﬂ‘im UA1INYINY

Begin
WriteLn ( OutFile);
WriteLn ( OutFile);
WriteLn ( OutFile, ' Stepping Vector :);
WriteLn ( OutFile, Para 1':9,Para 2':9,Para 3'.9,'Para 49, Para 5":9,Para 6:9);



With ParaStep Do
WriteLn (OutFile,Para[1]:9:4,Para[2]:9:4,Para[3]:9:4,
Para[4]:9:4,Para[5):9:4,Para[6]:9:4);
WriteLn ( OutFile);
End;

{ End of INITIALIZE ]

ﬂuaqwﬂﬂﬁwa1ﬂi
ﬁ“ﬁﬂ"%’“ﬁ“ﬁ‘ﬁm ummmaﬂ

Sucms GradEnd : Boolean;
StopExtra, ErrorLess : Boolean;
OldPiVot : Parameter;

Procedure GradFind;



Var
FinalPoint : Parameter;
Point : Parameter;
RealP : Parameter;
I,Sign,D : Integer;
N1,N2)L : Extended;
Begin
GotoXY(3,7); Write 1‘l )

GradNo :=
ForI:=1to
Begin
¥ = 1:
Point := ErMinP
If GradNo =1 Then D =10 -
Else )
If GradNo = 27
Else

o= FUHININTNYINS
PomLPara[I] := EmrMinParadPara[l] + UBP-Pmm

ammmm URTINYIAY

N1 := RealP.Eimr;
If N1 > EnMinPara.Err Then
Begin
Point.Para[l] := ErrtMinPara.Para[I] - (ParaStep.Para[I]*D);




If VSize(FinalPoint) =0 Then

s@%ﬂ?‘ﬂﬂ‘ﬂ‘ﬁ?ﬂﬁﬂ‘i

ARAIN TN INYAE

Add (FinalPoint, ErMinPara, NewPoint);
NewPoint.Mode := 'GRAD;
Transform(NewPoint,RealNewPoint);
ErrorCalc(RealNewPoint);
NewPoint.Err := RealNewPoint.Err;



If NewPoint.Err > ErMinPara.Err Then
Begin
Mult (0.3, FinalPoint,FinalPoint);
Add (FinalPoint, ErrMinPara,NewPoint);

End;
GotoXY(3,7); an.tﬂ

- ﬂumﬂsmwmm
ng.mmm:u UN1INYIAY

Sign : Integer;

K : Integer;
P : Extended;

Begin
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GotoXY (3,9); Write (SMALL STEPPING');
ErrorLess := False;
For K :=(SteppingNum + 1) to (SteppingNum + MaxParaNum) Do
For Sign :=1to 2 Do
If Not ErrorLess Then

NewPoint.ParajSte, gﬁ ErMi ra.Para[SteppingNum)] +
(Sign * 2 - 3 ) # PhraS@SP sNum];

NewPoint.Mode =

GotoXY(15,9); 4=

Write(Nof §ppingNuc.* Siga¥2 3% PerkSlep PuralSteppingNum)
ErrorCalc(R ik — g

NewPoint Err F&calNchﬂmt

P ﬁ%&l@rw #100 /BrMinPara Er

If Nchomt.Err < ErMinPara.Err Thea

CARIANN TN IRNINENaY

ErrorLess := True;

OIldEMin := ErrMinPara;
ErrMinPara := NewPoint;

K := SteppingNum + MaxParaNum;
Sign =2,




End,
End;
GotoXY(3,9);Write (' %
End;

mmﬂﬂ@@%ﬂﬂﬁﬂﬂﬁﬂﬁ

NewPoint := Null?ectur
&ﬁﬁ@i&ﬂﬂﬁ%ﬂ?ﬂﬂqﬂﬂ
StopExtra True

Else

Begin
EFactor := ErrtMinPara.Err /(OldEMin.Err - EnrMinPara Err);
For I := 1 to MaxParaNum Do




NewPoint.Mode := EXTRA": Nz
Thi B\

.u.i'.:‘fe-'."‘.t‘?:n / ‘\
Erro{Calc(RnalNean);,??_“ Foria 2 12

GotoXY(15,17);Write u:_. [

Transform(NewPoi

gk
ke )

int.Err *¥100:15:10,' %";

StopExtra := 'l'Ec m

Else "1

e AULINUNINYING
AHARNAIM N INY 1A Y




Until Stup
End

w AUHINENTNYINS
i"g‘.wwa\anmwﬁwmé" 9]

ErrorLess := False;
SmallStepping;
If ErrorLess Then
Begin

StopExtra := False;
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C : ExpData; ¢

o AUNINENINGING

Moy 6T RTpT 0 P e HRE LI

Para ":10,'Error’:8);
With ErrMinPara Do

WriteLn ( OutFile Para[1]:5:4, ' Para[2]:5:4,  'Para[3]:6:5,
Para[4]:5:4, 'Para[S]:5:4, ', Para[6):6:5, '(Err¥100):4:2,' %);
Transform(ErrtMinPara,Par);



Tempo :=0;
WriteLn (OutFile);
WriteLn (OutFile,NumData," data points’);
WriteLn (OutFile);
For I := 1 to NumData Do
Begin
J := TheoryFunc
A :=Data[l].Y / L;
WriteLn(OutFile,I:2,.

3\ Data(l].X[2):3:1,

Datall].Y:655, 26,/ | Ab12:1);

Tﬂnpo:=T=rﬁ e ~
End; ViR \ N

Procedure InitPrinter; ==
Begin | 7
Write (OutFile; #27:@#2h M2t 05—

End; Iﬂ
sl W I NYUNS T AR Frrmmmssssseoss
~amaandliI Ay, .....,

Begin
Clrscr;
Write('Input Filename to save : "); ReadLn(fn);
Assign (OutFile, fn);
ReWrite (OutFile);




WriteLn (OutFile, fn);
InitPrinter;

ClrScr;

Found := False;

z:::zo =0 M.l | ’ //// ‘
GotoXY(15,17); Wakie(E uw@wm&ls:m‘ %');

FitParameter; / / N
GotoXY(3,19): { =1 A%

Write (ErrMinPafe=4FMinPica Pars| Para Para[2],',
Err! P are '.=. ( -

Until Found;
PrintResult;

Sound(2000); De@{l ; d; 00); |

Sound(2000); Delay(100); NoSound; Belay(100);

soniosBl HELBHILTHEINT
AT R Ingat

End.




DATA FILE.

15
0.283,107.1,0,0,0,0.00001,
0.255,137.5,0,0,0,0.00001,
0.174,164.0,0,0,0,0.00001,
0.070,188.0,0,0,0,0.00001,

0.267,164.0,0,0,0,0.
0.148,188.0,0,0,0,0.0¢
0.486,107.1,0,0,0,0.
0.456,137.5,0,0,0,0.

-
ok

0.567,137.5,0,0,0,0.00(

“““““"ﬁmwamwmm

0.285,210.6,0,0,0,0.00030

GG TOI NN INY 1A Y
0.720,107.1,0,0,0,0.00103,

0.705,137.5,0,0,0,0.00103,

0.657,164.0,0,0,0,0.00103,

0.577,188.0,0,0,0,0.00103,

0.472,210.6,0,0,0,0.00103,

0.316,232.2,0,0,0,0.00103,




0.162,252.9,0,0,0,0.00103,
0.948,107.1,0,0,0,0.00495,
0.896,137.5,0,0,0,0.00495,
0.833,164.0,0,0,0,0.00495,
0.770,188.0,0,0,0,0.00495,
0.704,210.6,0,0,0,0.00495,
0.624,232.2,0,0,0,0.00495,
0.484,252.9,0,0,0,0.0049:

0322,2?30,0{}00.0@———’ 1 ~—
0.155,292.6,0,0,0,0. 77 A\
0.422,188.0,0,0,0,0. v/ /%

6
1
520,1,5,10,5,
0.03

0.005,0.05,0.004,0:05,0
3 \ 7

ﬂ‘iJEJ’J‘VIEWI?WEJ’]ﬂ?
QW’]MﬂiﬂJﬁJW]’WIEHﬁEJ



161

Curriculum Vitae

Mr. Teerapunt Santitewegul was bomn on February 10, 1954 in
Ubolratchatani province. He received his B. Sc. from Srinakarinwirot University

| | U
AULINENINYINS
PMIAATUAMINYAE



	References
	Appendix
	Vita

