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Abstract

Project Code: PDF/26/2544

Project Title: A computer simulation search for the quantum confined Stark effect in a
semiconductor light source with the quantum well.

Investigator: Dr. Pattara Aiyarak, Prince of Songkla University

E-mail Address: apattara@ratree.psu.ac.th

Project Period: 1 July 2001 -- 31 December 2003

A computer modeling was created in order to find a suitable structure for semiconductor
light emitters. The model was designed to cope with an ability to solve drift-diffusion and
Schrédinger equations self-consistently; therefore, the semiconductor devices with
quantum wells can be simulated. The main. aim of this work is to find a suitable
structure for a semiconductor light source which has the ability to emit the multi-
wavelength light using the quantum confined Stark effect. There are two programs on
this work. The self-consistent model was run on the Sun Workstation using UNIX
system because of its better performance and another model was able to solve only the
drift-diffusion problem and created on Visual C++ platform which runs on a general
personal computer. However, the object-oriented programming style was used on both
programs. However, the later model is easier to use because of the nature of the Visual
C++ application. Possible structures of the multi-wavelength light emitters were

simulated and a suitable structure was found and discussed. The structure is an
AlGaAs system with a single quantum well.

Keywords: quantum confined Stark’s effect, multiple wavelength light emitter,

simulation, self-consistence
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MARWIN 1.

Tassaiwnasududoya Input uaz Output

Input File

- = . P o = . o [y -
uRufilu input File azilluuiunBiuwans sci TopluvvvsswiulznaudloaaIuIMme

=
uwineao

#Do not change this line or tha program won'l work.

#position x_right{cm) x_lefi{cm) temperature{K} doping{cm-3) QW(y/n) material composite1 composite2

[ L - - a d e o % w o & m a
wasnuuilulasiafurasmdszdsdmsndnihdiliznoudstaysaudduai

. . d . o= )
®  AMUNUINDIRT TIUUITIU Mesh Point

' ' . o [ . - .
® 3Tyz¥3IIEWINY Mesh Point Llalfinunu Mesh Point (i@t (WUt cm)

] ] N ot = g . » - .
® 3TyZ¥IIITWMINN Mesh Point ialfinuny Mesh Point iawnia’ll (w2 cm)

® annnil Muau K)

. -l - - o " =, Py
® Doping (W18 cm) Bawniilurfia n sxdidniinuan uazauminiiluaia p

® QW (WINIaMINa1ATu Quantum Well Tild y)

- ad o a o = J [] - = -
e gilavaiminianiy (lusuniusesiuiiiss AlGaAs lwrnsfiudmansmimuay'le

Tuaunn)

. add o~ o o Py ¢ '
® dnanang AN 1 Talunsdiltfasn x 1u ALGa,.As

' ol T | A - » ot . - o, %
® fnINdug e 2 Fueliluawina manlufilila 0.0 waaufiadnaly)

#728ti13 Input File

#Do0 nol change this line or the program won work.

#position x_right{em) x_lefi{cm) temperature{K) doping{cm-3) QW(y/n) matarial composite1 composite2

1 58-7 Se-7 300 118 n AlGaAs 0.0 0.0
2 5e-7 58-7 300 1618 n AiGaAs 0.0 0.0
3 5e-T 56-7 300 1018 n AlGaAs 0.0 0.0
4 50-7 5a-7 300 1e18 n AlGaAs 0.0 0.0
5 5a-7 Se-7 300 1218 n AlGaAs 0.0 0.0
6 5a-7 S5e-7 300 1618 n AiGaAs 0.0 0.0
7 5a8-7 5e-7 300 118 n AlGaAs 0.0 0.0
8 Se-T 5e-7 300 1e18 n AlGaAs 0.0 0.0
9 5&.7 5e.7 300 -1818 n AlGaAs 0.0 0.0
10 5e-7 5a&-T 300 -1e18 n AIGaAs 0.0 0.0
11 So-7 5e-7 300 -1e18 n AlGaAs 0.0 0.0
12 Se-7 5a-7 300 -1818 n AlGaAs 0.0 0.0
13 56-7 5&-7 300 -1e18 n AIGaAs 0.0 0.0
14 Se-7 S5e-7 300 -1818 n AiGaAs 0.0 0.0
15 Se-7 56-7 300 -1618 n AiGaAs 0.0 0.0
16 50-7 Se-7 300 -1818 n AlGaAs 0.0 0.0
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Output File
c] - L | d L [ 2 e :
waiaaufldmanIniufinasdluuiuwuana sco Jalsznaudivasdusznauasii

® @UnUIVBI Mesh Point

® Conduction Energy (EC)

® Valence Energy (EV)

® ANunULUNTaIBIENATaU

e aMunuILMuDalloa

o spzvailaouiu Mesh Point daty

a t4
® ¢dintf 4 Mesh Point uli ¢

@78t79 Output File

#position Ec Ev n p x_right potential
4772553 -6.194953 1.00E+18 3.39E-06 SOO0E09 7.03E-01

1 -4.760746 -6.183146 6.35E+17 S5.33ED6 S5.00E-09 691E-0
2 -4.748921 -6.171321 4.03E+17 8.40E-068 500E09 6.75E-01
3 -4.737069 -56.159469 2.55E+17 1.33E-05 S500E09 667E-01
4 -4.72518 -6.14758 1.82E+17 209E-05 5.00E09 6.55E-01
] 4713247 -6.135647 1.02E+17 3I.2ME05 5.00E-09 6.43E-0V
6 4701262 -5.123662 6.44E+16 525€-05 500E-08 6.IE-01
7 4689216 -6.111616 4.05E+16 B8.35E-05 5.00E-09 6.18E-01
8 4677102 -6.099502 254E+76 133E-04 500E-09 GOTE-O1
9 -4.664912 -6.0B7312 1.59€+168 2.13E-04 5.00E-09 5.95E-01
10 -4.652641 -6.075041 9.93E+15 3I41E04 500E-09 5.83E-01
11 -4.640282 -6.062682 6.17E+15 S48E-04 S5.00E-D9 5.70E-01
12 4627828 -6.050228 3.82E+15 B885E-04 500E-09 5.58E-01
13 -4.615274 -5.037674 2.36E+15 143E-03 500E-09 545E-01
14 -4.602614 -6.025014 1.45E+15 233E-03 500E-09 533E-MN
15 4589844 -6.012244 B8.B7E+14 3IB2E-03 500E-09 5.20E-01
1% 4576958 -5.999358 541E+14 626E-03 500E-09 507E-N
7 4563054 -5986354 3.28E+14 1.03E02 SOCOE-09 4.54E-01
18 -4.550828 -5.973228 1.98E+14 1.71E-02 S500E-09 4.81E-01
19 -4.537576 -5.959976 1.19E+14 285E-02 S5O00E-09 4.68E-01
20 45241968 -5946596 7.10E+13 4.77E-02 5.00E-09 4.54E-01
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NIAHWIN A.
Class Wat Main Program & wiulusunssun UNIX

® Class header (material.h)

/¢ heazer fi.e for the opject "material”™ //

c.ass ~aiterza’ |

orotected : /4 list of protected variables
double phi; // petentaal
double field; // electrac filed
double U; // special variable for electrons
double V: // special variable for holes
double n; /7 electron concentration
double p; // hole concentration
double density: // density of the matcraial
double phi(0: // initial potentiac
double phi_applied: // applied potential
double ni; // ni of the material
double g/ /7 electron charge
doucle eps; // material permittivity
double Eg; // matcrial bandgap
Jdourle cha:! /) electron affinity of the matcrial
douple V7 /7 KT/q
douplie TeTpeorature;
dourle x_right; hi,]
double x_.elitg hai-1,3
doubic y top; N S|
double y_sottoms S0k, 3=l
double Ng: // effectaive density of ctates in conducticn band
double Nv: /7 eftective density of states in valence band
double To: /7 hole lifetime
double Tni /7 clectron lifetime
double Dn;: it electron daffusion cocefficient
double Dp: /4 hole diffusion coefticient

tubiic siat of public funcrtaions
materia.ltl; default constructor

materia. ( 2oul

~materia. i}

Le¢ density p. double pha_applied p = 0,

Jzuble ny P L3L%29€.5520340,

Anuble #p3 p 1.1664%e-12, double Egq p = O,

acut.e ~hi p = 0, double Nc p - i, doubie Nv p o= 1,
siup.e Tewperature p - 300, double g_p - l.6e-19,

s ub.e ¥T p = 0.026, doub.e x_right_p = be-7,
souble n_ieft p = Se-7, double y _top p - Se-7,
soubie y bottom_p - Se-7, double Tp_p - le-8,
2-ub.e Tn p-le-8, double Dp p - 10.4,

souble ODn p = 221); // main constructor

F! destructor

dourle potentiall) | return phi; |} /7 return potential

doyn.e ut) | feturn U; 1} // return U

doubie i | return ¥ |} i1 return V

doutie EO00 | return Eg:i ) /4 return Eg

foub je CHIMN | return ¢hi;l ff return chi

foub.e fet nil [ return ngo ] {/ return n

joub.e et Pl { return poob /4 return p

four.e ret MNinl [ return nmig b /7 return m

foup.e ret VoLl { return Voo I oreturn VT

double ret _DPnil [ return Dn: | Ff/ return Dn

foud.e rer Dpil [ return Dpr ] i/ return Dp

jouble zet Fie.diy 1 return fleld: )} //f return field

Arudle ret _Fer=zi (evelnidouble px); f/ return election Quasl-fermy
Iauble :e:_r-rsl_chelpldouhle pxl; // return ejiectron quasi-fcrmy

calculate phi

oL@

from the neighbour's objecta

ca._phlissteria s1pi, materlal L1mi, material
=Ateria. b)Imi, doubie errar_limit -
int @ = 10CC);

sypl.
ie-17,
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// calculate 1) from the neaghbour's obj)ects
material cal Ulmaterial &i1pl, material éiml, material &jpl,
material &)ml);

/{ malcuiate V from the neighbour'®s ob)ects
material cal Vimaterial &Lipl, material 6iml, materiai &3ipl,
material &3imi);

// calcuiate the electron density in the quantum well
material cal_qwnidouble Efermi, double size, double perc);

/4 calculate the ho.e density in the quantum well
material cal _gwpidouble Efermi, double size, double perc):

// calculate field from the neighbour's objects
material cai_fieldimaterial &ipl, material &aim], material &jpl,
material &jml):

material sc¢tDensaityldouble denst); // set material density
material setAppliedVolt (double phi_appll: // sct the applied voltage
material set _Diffusaivityl(}: /¢ sct Dn an Dp

materiai set_time (double tau): // ser lifetaime

material set_stepidouble sizel, double size2); // set step 31253
material operataor=(const material eainput); // declare equal sign

friend ostream koperator<<{csticam éstream,
const material &cutput); /7 declare output

® (Class implementation {material.cpp)

finciuge <idstrcam,. h>»
Pinc.ude ~math.h>
finslude <stad_ 1b.h>
#inr.ude “materia..h”™

materia.::materaali) | // method for default constructor

Tha 0:
fiela Q;
chil - Oz
chi_applieg = O
3 - B
zensity - 0
erm H
Ta - 0
Teaperature = H

Fight - 03
x .eft - 0

l_'\.‘ - Q2

oL L v - O

4 meth>3 far conmlructor
materia. "maAleria.idouble dersitly p,

foub.e phi_applied p, doudle ni p,
double eops .

F. @ouwb.e Eq p, doukle ¢hi p, doubi.e Nc _p,
Foub.e Nv p, doub.e Tesprrature p. doub.e qA_Fs Acuble T_p.
Souble n right p, double A_.eft_p. doub.e ¥ _LOoP_P.

Sruble y boriom p. doub.e Tp_p. doubie Th_p, double Dp_p.

Srub.e IDn py |
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density = density_p;
phi_applied = phi_applied_p;
ni = ni_p:

q = q_p¢

eps = eps_p:;

Eg = Eg_p:

chi = chi_p:

vT = VT _p;
Temperature = Temperature_p:
x_right = x_right_p;
x_left = x_left p;
y_top = y_top_ps
y_bottom = y_bottom_p;

Nc = Nc_p;

Nv = Nv_p;

Tp = Tp_p:

Tn = Tn_p:

On = Dn_p;

bp = Dp_p:

if (density < 0} |{
temp = fabs{density) / (2 * ni);
phi0 = ~log({temp + sqrt{(temp*temp) + 1)):
]
else {
temp
phil

density / (2 * ni):
log(temp + sgrt(({temp*temp) + 1l});

hi = phi_applied + phi0*VT;
exp(-phi_applied/VT);
expiphi_applied/VT);

wa<ad

// method for calculating the potential
double material::cal_phi({material& ipl, materials iml, materials jpl,
materialé jml,double error_limit, int m) {

double y, dy, dxeps, dyeps;

double aij, aiplj, aimlj, aijpl, aijml;
double F, £;

double Gl1l, G2;

if (m <= 0) {
cout << "It's not funny” << m << ", set 'm' again.\n";

exiti{l);
dxeps = ipl.eps/x_right/2-iml.eps/x_left/2-eps*(l/x_right-1/x left)/2;
dyeps = jpl.eps/y_top/2-jml.eps/y_bottom/2-eps*(1/y_top-1/y bottom)/2;
aiplj = eps*2. / (x_right + x_left) / x_right+dxeps/x_right/2;
aimlj = eps*2. / (x_right + x left) / x_left-dxeps/x_left/2;
2ijpl = eps*2. / (y_top + y _bottom) / y_ top+dyeps/y_top/2;
aijml = eps*2. / (y_top + y_bottom) / y_bottom-dyeps/y_bottom/2;
aij = aiplj + aimlj + aijpl + aijml;
f = -qg*density;
F = aiplj+ipl.phi + aimlj*iml.phi + aijpl*jpl.phi + aijml*jml.phi - f;
Gl = g*ni* (Nc*"U*exp(phi/VT) *exp{chi/VT/q)

-Nv*V+exp (-phi/VT) *exp (- (chi+Eg) /q/VT) ) ;

y = aij*phi + Gl - F;

while ((fabsly) > error_ limit) && (m > 0)) {
m—=;
GZ = q *ni* (Nc*U/VT*exp (phi/VT) *exp(chi/VT}
+ Nv*V/VT*exp (-phi/VT) *exp(~ (chi+Eg) /q/VT) ) ;
dy = aij + G2;
phi -= y/dy;
Gl = g*ni* (Nc*U*exp (phi/VT) *exp{chi/VT/q)

= Nv*V*exp (~phi/VT) *exp (- (chi+Eq) /q/VT)};
Y = aij*phi + Gl - F;
}

if (m< 0) |
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}

n
p
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cout << "dy = " << dy << "\n";
cout << "l/dy = " << 1/dy << *"\n";

cout << "Function is not convergent, exit program.\n™;

exit{l);

= pni*Nc * U * exp(phi/VT)*exp(chi/q/VT);
= ni* Nv * V * exp(-phi/VT)*exp(-(chi+Eg)}/q/VT);

return phi;

// methed for calculating U

material material::cal_ U{(material& ipl, materials iml,

material& jml) |

double aij, aiplj, aimlj, aijpl, aijml;

double cnhp, cnhm, cnkp, cnkm, bnhp, enhp, xnhp, bnhm,
double bnkp, xnkp, bnkm, xnkm;

double F, £, G, r:

xnhm

material& jpl,

cnhp = 2*Dn*Nc / (x_right + x_left) / x_right;
xnhp = (phi - ipl.phi) / VT+ (chi - ipl.chi) / q / VT;
bnhp = fabsi(xnhp) < le-10 ? 1-0.5"xnhp : xnhp / (exp{xnhp) - 1);
enhp = exp(iphi+chi/q)/VT);
aiplj = cnhp * bnhp;
cnhm = 2*Dn*"Nc / (x_right + x_left) / x_lefrt:
xnhm = (phi - iml.phi) / VT+ (chi - iml.chi) / q / VT;
bnhm = fabs(xnhm) < le-10 ? 1-0.5*xnhm : xnhm / (exp(xnhm} - 1};
aimljy = cnhm * bnhm:
cnkp = 2*Dn*Nc / (y_top + y_bottom)/ y_top;
xnkp = (phi - jpl.phi) /7 VT+ (chi - jpl.chi) / q / VT:
bnkp = fabs{xnkp) < le-10 ? 1-0.5*xnkp : xnkp / {exp(xnkp) - 1l);:
aijpl = cnkp * bnkp;
cnkm = 2*Dn*Nc / (y top + y bottom) / y bottom;
xnkm = (phi - jml.phi) / VT + {(chi -jml.chi} / q / VT;
bnkm = fabs(xnkm) < le-10 ? 1-0.5*xnkm : xnkm / (exp{xnkm) - 1);
aijml = cnkm * bnkm;
aij = aiplj + aimlj + aijpl + aijml;
r=1.0 / (Tn*ni*{ Nv*V*exp(-phi/VT) *exp(-chi/q/VT})+1)
+ Tp*ni* (Nc*U*exp (Phi/VT) *exp(chi/VT/q)+1}));
G =ni*V * r/enhp:
£ = -ni * r/enhp: )
F = aiplj*ipl.U + aimlj*iml.U + aijpl*jpl.U + aijml*jml.U - £;
U=F / {aij+G);
n =ni* Nc * U * exp(phi/VT) exp(chi/q/VT);
return U;
]
// method for calculating the V
material material::cal_V(materials ipl, materialé iml, materials jpl,
materialé jml) |
double aij, aiplj, aimlj, aijpl, aiiml;
double cphp, cphm, cpkp, cpkm, bphp, ephp, xphp, bphm, xphm;
double bpkp, xpkp, bpkm, xpkm:
double F, £, G, £:
cphp = 2°Dp*Nv / (x_right + x_lefr) / x_right;
xphp = (ipl.phi - phi) / VT+(ipl.chi-chi)/q/VT+(ipl.Eg-Eq)} / q / VT:
bphp = fabs(xphp) < le-10 ? 1+0.5*xphp : xphp / {exp(xphp) - 1);
ephp = exp(-t{phi+chi/q+Eg/q)/VT);
aiplj = cphp * bphp;
cphm = 2*Dp*Nv / (x_right + x_left) / i_left:
xphm = (iml.phi - phi) / VT+({iml.chi-chi) /q/VT+(iml.Eq-Eqg )/ q / VT:
bphm = fabsixphm) < le-10 ? 1+0.5"xphm : xphm / (exp{xphm) - 1);
aimlj = cphm * bphm;



