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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) |



¥

}

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;
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cpkp = 2°Dp*Nv / {(y_top + y_bottom) / y_top;

xpkp = (jpl.phi - phi) / VT+{jpl.chi-chi)/q/VT+(jpl.Eq-EqQ)/q/VT;
bpkp = fabsixpkpl < le=10 ? 1+0.5°*xpkp : xpkp / (expixpkp)

aijpl = cpkp " brkp;

cpkm = 2°Dp"Nv / (y_top + y _bottom) / y bottom;

1)

xpkm = {(iml.phi -~ phi} / VT+{(jml.chi-chi}/q/VT+(jml.Eg-Eq)/q/VT;

bpkm = fabs(xpkm) < le-10 ? 1+0.5*xpkm : xpkm / (exp(xpkm)

aijml = ¢cpkm * bpkm;
aij = aiplj + aimlj + aijpl + aijml;

r = 1. / {(Tn*ni= iNv*V exp(-phi/VT) *exp(-{chi+Eq)/q/VT)+l}
+ Tp*ni® (Nc*Uexpi{phi/VT) "explchi/q/VT)+1)):

G = ni " U " r/erhp;

f = -ni * r/ephri

F = aiplj*ipl.V = aimlj*iml.V + aijpl®*jpl.V + aijml*jml.V -

<
u

F / (aij+G):

P <ni* Nv* V¥V * expl(-phi/VT)*expl(-(chi+Eq)/q/VT):

return V;

// method to calcu.ate the e.ectron quasi-Fermi level
double materiai::rcr_Fermi_.eveln (double px) |

}

double Efi, Ef;

doub.e me - (L.C6&? « C,083"px) * 0.91le-30;

double mlh = ¢.C387 » C.063"px;

double mhh - C.e2 + G,.4%px;

doub.e templ = sgrrvim.h*mlh*mlh)} + sqrt{mhh*mhh*mhh):
doub’e mh - cbrtitemp.-templ} * 0.9le-30;

const double UHI = 4.07°q ;
const double ECAP = :.4224°q:;

£/ mh=0.45"9.iC»3

3
// me=0,067*9. _03e-

e=-31:

Se-30;

VT=0.0259;

q = ..6e-109:

Efi=-phi®qg-(chi1-CHI)-(EQ+EGAP) 7F2+3/4°VT*q*logimh/me):
Ef=Efi~g*(phi*chi/g+VT"logINc}+VT*log(U));

return Ef:

// method to calculate the hoie quasi-Fermi level
double mater:al::ret_Fermi_ievelp (double px) |

doubie Efi,Ef;

double me = (0.0&7 + 0.083*px) * 0.9le-30;

double mlh = 0.087 + 0.063*px;

double mhh = 0.62 + C.l4*px;

double templ = sqrti{m.h*mlh*mlh) + sqrt (mhh*mhh*mhh);
double mh = cbrtitempi*templ) * 0.9le-30;

const double CHI = 4.07*q ;
const double EGAP = 1.4224*q;

/¢ mh=(,45*9.108e-31;
/! me=0.067*9.:08e-31;

VT=0.0259;

q = 1l.6e-19;
Efi=-phi*g-(chi+~CHI) - (EQ+EGAP) /2+3/4°VT*q*log (mh/me};
Ef=Efi+q*" (pPhi+chi/q+Eg/q-VT*log {Nv)-VT*log{V)};

return Ef;

// method to calculate the electron density in the quantum well

£;

1);
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material material::cal_qwn (double Efermi,double sizc,double perc) |

int num,1i:

double tmp = Q;

VT-0.0259;

q = l.6c-19;

double V0, gam, me, htagl, mh, 1lf, rg, a_temp, y;
double Energ[30]);

double al30];

const double CHI = 4,.07=q;
const double EGAP = 1.4224*q;

mh=0.45"9,108e=-31;

me=0_.067%9.108e-31;
htagl=6.62%5e-34/({2°3,14159);

v0=0.7482* (perc) *q;

gam=sqrt [2* {mes/htagl)*VO*size*size/htagl);

num=(;

de |
- f=0;
rg=1;
num+ +;
do |

a_temp=(lf+rg)/2;
y+gam®a_temp-{({num-1)=3.14159+2"acos{a_temp)];

LE (y<O)
lf=a_ temp;
else
rg=a_temp:
i while(i(fabps(y)>le-5)&&((i-1£)>1le-B});

Energinum]=V0*a_temp*a_temp;
alnum)=a_temp:

} while(({(i-1£)>1le-8 ) && (num<30));
n=0;

forti=1;i<num;i+=) |
tmp = log{l+exp((Efermi+phi*q+(chi+ClHI}-Energli])/(VT*ql));
i€ (tmp==0)
tmp = expl(Efermi¢phi*qg+ (chi+CHI)-Energ[i]))/(VT*q));
n += 7.23Ze-15*tmp;
i

U = exp(-phi/VT) "exp(-chi/q/VT)* n /ni*Nc);

return *this:
}

// method to calculate the hole density in the guantum well
material material::cal_qwp (double Efermi,double size,double perc)

int num, i;
double tmp;

VT = 0.0259;
q = 1.6e-19;

double V0, gam, me, htagl, mh, 1lf, rg,
double Energl3o0];
double a[30];

a_temp, y;

const double CHI = 4.07+g;
const double EGAP = 1.4224+q;

mh = 0.45*9.108e-31;
me = 0.067+9.108e-31;
htagl = 6.625e-34/(2+3.14159);
VO = (1.247-0.7482)*{perc)*q;

gam = sqrt(2*mh*V0*size*size/(htagl*htagl));
num = Q;
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1£=0;
rg=1;
num++;

do {
a_temp={(1£f+xg)/2;
y=gam®"a_temp-((num-1)*3.14159+2*acos (a_temp)):

if (y<0}
lf=a_temp;

else
rg=a_temp;

} while(({fabs(y)>le-0)&&({(l-1f)>1le-8));

Energ[num]=V0*a_temp*a_temp;
alnum)=a_temp;

} while(({i-1f)>1le-8)&&(num<30});
p = 1.0e-10;

for(i=l:;i<num;i++)} |{
tmp=log({l+exp((-phi*"q-{chi+CHI)- (Eg+EGAP)-Energ(i]-Efermi)/(VT*q)));
if (tmp==0)
tmp = exp(({-phi*q-{chi+CH1)-(Eg+EGAP) -Energ(i]-Efermi}/(VT*q}):

p += 4.85%7e+16"tmp;
}

V = p/ini* Nv) * expiphi/VT) * exp({chi+Eqg)/q/VT);

return *this;
}

// method to calculate the filed
material material::cal_field(material& ipl, materialé& iml, material& jpl,
materialé jmi)

double dfx,dfy;
dfx=~ (ipl.phi-phi}/x_right/2-{phi-iml.phi)/x_left/2;
dfy=-{jpl.phi-phi)/y_top/2-(phi-jml.phi)/y_ bottom/2:
field=sqrt(dfx*dfx + dfy-dfy):
return *this;

}

// method to set the density of the material
material material::setDensity( double denst) ({

double temp;
density = denst:

if (density < 0) |{

temp = fabs(density) / (2 * ni);

phi0 = -log(temp + sqrt{{temp*temp) + 1}});
}
else |

temp = density / (2 * ni);

phi0 = log(temp + sqrt{(temp*temp} + 1))
}

phi = phi_applied + phiO*VT;
n = ni* Nc * U * exp(phi/VT) * expl{chi/VT/q);
P = ni* Nv * V * exp(-phi/VT) * exp(-(chi +Eq)/VT/q):

return *this;

// method to set the applied voltage ;
material material::setAppliedvolt{double phi_appl) |

phi_applied = phi_appl;
phi = phi_applied + phiO*VT;
v = exp(-phi_applied/VT):
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\Y = exr (rhi_applied/VT) ;

n = ni* Nc * U * exp(phi/VT) * explchi/VT/q):
p = ni* Nv * V * 2xp(-phi/VT) * exp(-{chi +EqQ)/VT/q);

return *this;
}

// method to set the liZstime
material material::set_::.me({ double tau) {

Tp=tau;

Tn=tau;

return “this;
}

// method to set the diZiusion coefficients
material material::set_Ciffusivityd() |

double mobnG,morrl;
mobnQ® = {7200/ (rowi{l+5.5le~17*fabs(density),0.233})))
*pcw (3CC Temperature, 2.3);
mobp0 = {380/ (pcwii+d. 7e-17*fabs (density),0.266)})
*pow (30C Temperature, 2.7);
Dn=VYT=* (mobnQ+?_."20é*pow(field, 3)/2.56eld)/(l+powifield/4e03,4));
Dp=Vi*mobpl/ {i+-22p0*field/1.5e07);

return *this;
}

// method to set the sters (h, k)
materia. material::set_step| double sizel, double size2) |

%x_left = sizel;
%_right = sizel;
y_top = size2;
y_bottom = sizel;

return *this;
t

// declaration for the e3jual sign
material material::operzzor={(const material &input) |{

phi

u

v

phi0

phi_applied ut.phi_applied:
density t.density;
ni t.ni:

n inzat.n;

<] ingat.p:

q st.q;

eps = Jt.eps;

Eg = ingat.Eg:

chi = input.chi;

vT = inzut.VT;
Temperature = irngut.Temperature;
x_right = inzut.x_right;
X_left = inzut.x_ieft;
y_top = incet.y_top;

y _bottom = irnzut.y bottom;
Tp = inzguat.Tp:

Tn = ingut.Tn;

Dp = inzut.Dp;

Dn = jinput.Dn;

Nc = input.Neg;

Nv = ingut.Nv;

return *thi

// declaration for the zsject when used with the cout function.
ostreamé operator<<{ostream &istream, const materialé output}) |

stream << "

Potential = " << output.phi << "\p%;
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stream << "l = " << output.U << "\n";

stream << "V = " << output.V << "“\n";

return stream;
}
® Main Program
tinclude <iostream._h>
#include <fstream.h>
#include <math.h>
#include <stdlib.h>
#include "material.h”
double eps_AlGahAs (double x=0}; // return eps of AlGahAs
double ni_AlGahs(double x=0); // return ni of AlGaAs
double chi_AlGaAs{double x=0); // return chi of AlGaAs
double Nc_AlGahs (double x=0); // return Nc of AlGahs
double Nv_AlGaAs (double x=0}; // return Nv of AlGaAs
double Eg_AlGaAs{double x=03; // return Eg of AiGaAs
void main({void} |

//***+ declarations ****//

const int max_i = 122;

const int max_J = 3;

const double density of_n = 5elé;

const double density of_i = lelb5;

const dourle density of_p contact = -lel?;

const double density_of_ barrier = 5el?;

const double density of QW = LHeld;

const double q = 1.6e-19;

const double eps_Gahs = 13.18 * B.85e-14;

const double CHI = 4.07*qg

const double EGAP = 1.4224°+q;

const double NCR =2.5el9"0.067;

const double NVR =2.5el1%+*0.48;

const double ni_GaAs = 5915256.5520340:

const double VT = 0.026;

double Ni_AlGahs;

int 1,3

double vectx[max_i+2};

double x:

double vn,vp;

double vj;

material mat(max_i+2] [max_j+2];

ofstream ddmdata;

// initialise the GaAs

material “temp_GaAs =

vn 0.0:
vp 0.0;

for (i=1;

Lf (i>=1 && i<=40) {

i<=max_ i;
for (j=1;

new material (0,0.ni_GaAs, eps_GaAs,0,0,1,1,300);
// applied wvoltage at n-doped region
// applied voltage at p-doped region

i++)

// looping for the whole device
je<=max_j;

j++) {

x = 0.1;

vectx{il=x;

// calculate

// Al composition in AlGaAs of n region

the ni
Ni_ AlGaRs = sqrt(Nc_AlGaAs(x)‘Nv_AlGaAs(x))
* exp(-((Eg_AlGaAs (x)/2)/q) /VT);

// initialise the dummy

material *temp_ AlGaAs = new material {0,0,Ni_AlGaAs,

eps_AlGaAs (x),
Eg_AlGaAs {x) -EGAP,
chi_AlGaAs (x) -CHI,
Nc_AlGaAs (x) /NCR,
Nv_AlGahAs (x) /NVR) ;

matl%]ljl = *temp_AlGaAs; // assign the material
ma:[:l[j].secDensity(density_ofnn):

// set the dimension and parameters of n region
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mat{i]{j].setAppliedVoltivn + i*({vp-vn)/max_i+1l);
mat(i] [j).set_Diffusivity();

delete temp_AlGaAs; // remove the dummy
}

if (ti>=41) &L (i<=122)) // set the rest of the device
if ({i>=61) && (i<=62)) { //set quantum well
vectx[i)=0;
matfi] [j] = “temp_GaAs;
mat|i][j] .setDensityldensity_ of_ QW):
mat[i) [j].setAppliedVoltivn + i*{vp-vn)/max_i+1);
mat(i] [j).set_Diffusivityl);
}
else | // set i region
x =0.3;
vectx|[i)=x;
Ni_AlGaAs = sqrt{Nc_AlGaAs (x) “Nv_AlGaAs (x))
* exp{-{{Eg_AlGaAs(x)}/2)/q)/VT):

material "temp_AlGaAs = new material (0,0,Ni_AlGaAs,
eps_AlGaAs (x}),
Eg_AlGaAs (x) -EGAP,
chi_AiGaAs (x)-CHI,
Nc_AlGahAs (x) /NCR,
Nv_AlGaAs{x)/NVR);
mat[i)[j) = *temp_AlGaAs;
if ((i>=83) && (i<=122)) // set p region
mat(i]j[}]).setDensity{density of p contact):
else
mat{il[j].setDensity(density_of_i);
mat{i){j].setAppliedVolt(vn + i*{vp-vn)/max_i+l);
mat[i][j].set Diffusivityl);

delete temp_AlGaAs:
}

// sert chmic contacts at n and p regions
x =0.1; // n-region
Ni_AlGaAs = sqrt(Nc_AlGaAs(x)*Nv_»AlGaAs{x))
* exp(-((Eg_AlGaAs(x)/2)/q}/VT):
material "temp_AlGaAsl = new material(0,0,Ni_AlGaAs,eps_AlGaAstxl.
Eg_AlGaAs (x) -EGAP,
chi_AlGaAs (x)-CHI,
Nc_AlGaAs (x} /NCR,
Nv_AlGaAs (x) /NVR) ;
x =0.3; // p-region
Ni_AlGaAs = sqre (Nc_AlGaAs {x) *Nv_AlGaAs (x]}
* exp(-{{Eg_AlGaAs(x}/2)1/q) /VT};
material °*temp_AlGaAs = new material {(0,0,Ni_AlGaAs,eps_AlGaAs(x),
Eg_AlGaAs (x}-EGAP,
chi_AlGaAs (x)-CHI,
Nc_AlGaAs(x) /NCR,
Nv_AlGaAs (x) /NVR) ;
for (j=0:; j<max_j+2; j++) | // reset boundaries in y direction
mat[0]1j] = *temp_AlGaAsl:
mati0][j).setDensity(density of n};
matl0)[j].setAppliedVolt tvn);
mat[0)(j].set_Diffusivityl);

matimanx_i+1)[j] = “temp_AlGahs;
matlmax_i*l][jl.setDensityldensi:y_ot_p_contact):
mat[max_i~1][j!.sethppliedVolttvp);
mat (max_i*l}[j).set_Diffusivity();

}

delete temp GaAs;

delete temp AlGalAs:

delete temp AlGaAsl:

for (i=1; i<=max_i: ies+) | // reset boundaries in x direction
mat{i1] (0] = mar[i](2):

mat |i] Imax_j+l] = mat(i] [max_j-1}:
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}
// main loop

double old_sum:
double sum 0;
int round 1;
double temp_fermi=0:

for (i=1; i<=max_i; i++)
for(j=1; j<= max_j; 3++)
sum += mat[i][j].potentialt):

do // loop until converge
old_sum = sum;
sum = 0;
for (i=1; i<=max_i; i++) | // reset boundaries
mat [1)(0) = mat[i)(2]):
mat[i] (max_j+1] = mat[i]) lmax_j-11;

)

for li=1; i<=max_i; i++} // computing phi
for(j=1: j<= max_j: Jj++)
sum += matli][jl.cal_philmat[i+1]lj].mat[i—l][j],
mat[i) [§+1],mat(i]13-11s

for {i=1; i<=max_i; i++) // computing U
for(j=1; j<=max_j: j++) |
matli][j].cal_U(matli+1][j],matli—l]ij].matli]lj+1],
mat [i]1[3-1)):
mat |max i-i+1][max_j—j+1].cal_Ulmat[max_i-i][max_j—j+1],
- mat[max_i-1+2)(max_j-j+i].

mat[max_i-i+1]lmax_j-j].
mat [max_i~i+l] (max_j-j+2]};

for {i=1; i<=max_i: i++) /¢ computing V
forij=1; j<=max_j: j++) |
mat{i]{j).cal_Vimat{i+l}[j},matii-1](j),mat{i)(j+1],
mat(i) [3~-11):

mat{max_i-i'll[max_j—j+1].cal_V(matlmax_i-i]lmax_j-jol],
mat[max_i-1+2) [max_j-j+1),
mat{max_i-i+1) [max_3j-jl,
mat{max_i-i+1][max_j~3j+2]);

for (i=l; i<=max_i; i*+) // computing field
for(j=1: j<=max_j}s j++) |
matlillj].cal_field(mat[i*ll[jl.mat[i-l][jl,matli][j+1],
mat[i]l{j-1)):
matlilij).set_Diffusivity();

for (i=6l; 1<=862; i+*) // computing quantum wells
for(j=1; j<=max_3j; 3--) {
temp_fermi=mat(il(j).-ret_Fermi_leveln(0.3);
mat(ilij).cal_qwnitemp_£fermi,l5e-8,0.3);
temp_fermi=mat|i}{j}.ret_Fermi_levelp( 0.3);
mat[i)l{i).cal_qwpltemp_fermi,15e-8,0.3);
}

if {{roundd5000) == 0) { // intermediate writing data every 5k iterations

ddmdata.open ("dédnobi_2.dat™);
if (lddmdata) |

cout << “Error open °"dé0nobi_2.dat'.\n";
exitiiy;

¥

// write header
ddmdata << "0 this is data of round : * << round << "\n";

ddmdata << "8 jold_sum - sum| = " << fabs{old_sum-sum) << “\n"
<< "\n"; -

// write data
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for (i=1; i<=max_i; i++) |
forij=1; j<=max_3j; j++)
ddmdata << i << " "
<< j << v 0"
<< -mat(i] [j].potentiall)}
~CHI/g-mat{i][j].CHI() /g << " "
<< -mat[i] {j] .potential ()
-CHI/g-mat[i)[j].CHI{)/q
-mat[i) [j].EG() /q-EGAP/q << " "
<< mat([i][j].ret_n{) << ™ "
<< mat([i](j).ret_p() << ™
<< mat[i) {j].potential() << =
<< mat[i][}).ret_Fermi_leveln(vectx([i])/q
<< (1] n
<< matii}[j].ret_Fermi levelpi{vectx[i])/q
<< - 1]
<< -mat({i] {j]).potential{)
-(mat[i] [§].CHI()+CHI)/q
-(mat[i] [j].EG()+EGAP) /q/2
+3/4*VT*1og(0.45*9.108e-31/0.067*9,108e-31)
<<"\n";
ddmdata << "\n";
)
ddmdata << "\n\n";
ddmdata.close(};
}

round«=+;
} while{fabs(old_sum-sum) > le-5); // within the errorx?
//*"*** end cycle ****
ddmdata.open(”dé0nobi_2.dat™); // writing date

if (!ddmdata) {
cout << "Error open 'dé0Onocbi_2.dat'.\n";

exit(l);
)
// header
ddmdata << "# Finished running, round = " << round << "\n";
ddmdata << "# |old_sum - sum| = " << fabs(old_sum-sum) << "\n\n";
// data

for (i=1; i<=max_i; i++) |
for(j=1:; j<=max_j; j++)
ddmdata << i << ™~ *
<< j << " "
<< -mat|[i)[j).porential () - CHI/gq-mat[i)(}].CHI()/q
<< n »
<< -mat[i)[j)-potential (} - CHI/g-mat[i] [j].CHI(}/q
-mat (i) (j].EG()/q - EGAP/q << ™ "
<< mat([i}{j}).ret_n{) << " "
<< mat[i)[j).ret_pl) << " "
<< mat[i][j].potential{) << " "
<< mat[i][jl.ret_Fermi_leveln(vectx[i])/q <c " "
<< mat[i][j).ret_Fermi_levelp(vectxlil)/q << ®* "
<< -mat[i)lj).potential{) - (mat[il[j].CHI()+CHI)/q
- (mat{i]lj).EG{)+EGAP})/q/2
+ 3/4*VT*log(0.45%9.108e-31/0.067+9.108e-31) <<"\n";

ddmdata << "“\n"™;
i

ddmdata << "\n\n";
ddmdata.closel();
}

// function declaration
double eps AlGaAs( double x) {
if ((x>=0) && (x<=1))

return B.85e-14 * (13.18 - 3.12*x);
else {

cout << "x must be between 0.0-1.0\n*;
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exit(l);

}

double Eg_AlGaAs| double x) |

double Eg:
if ((x >= Q) && (x <= 1}) |
if ( = <=0.45 }
Eg = (1.4224 - 1.2497*x)

* 1.6e-19;
else
Eg = (1.200 + 0.125*x + 0.143*x*x)"1.6e~-19;
}
else {
cout <<

“x must te between 0.0-1.0\n";
exit (1)

'}
return Eg;

double chi_AlGaAs( doub’e x) |

double chi;
if ((x>=0) && (x<=0.45))

chi = (4.07 =-0.7482 * x)*

l.6e-19;
else {

cout << "X must be between 0.0-0.45\n";
exit (1l);

}

return chi:

double Nc_AlGaAs (double x) |

double Nc;
if ({x>=0) && (x<=0.45))

Nc = 2. 512~ (D.067+0.083*x);
else |

cout << "

must be between 0.0-0.45\n";
exit (1)

}

return Nec;

)

double Nv_AlGaAs(double x} |

double Nv:
if ((x>=0) && (x<=0.35))

Nv = 2.5el3~(0.48~-0.31*x);
else |

cout << "x must be between 0.0-0.45\n";
exit(l);

}

return Nv;
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® Class header (Material.h)

// Material.h: interface for the CMaterial class.

I

FEILHERETTIRI P ELETRE 2 E PR8I FI RN I I I7 i1 7080800007000 077007077

#if 'defined (AFX_MATERIAL_H__DFEF2D5F_B71A_4201_R479_C270EABE3B2A__INCLUDED )
#define AFX_MATERIAL_H_ DFEF2DSF_B71A_4201_B479 C270EABE9B2A__ INCLUDED_

#if MSC_VER > iC00
dpragma once
#endif // _MSC_VER > 1000

class CiMaterial
{

protectead:
doun.e phi: I&4 potential

doubkle field; r7 electric field

double U; /1, special variable for electrons

double V: /7 special variable for holes

double n; rr electrnn concentration

double p: 144 hole concentration

double density: /7 density of the material

double phi0; ¥ initiai potential

double phi_applied; 1/ applied potential

double ni;: r’ ni of the material

double q; 1/ electron charge

double eps; /7 material permitivity

double Eg; ’f material bandgap

double c¢hi: £/ electron affinity of the material

double VT r/ kT/q

double Temperature: 144 Temperature

double x_right; 144 hi,j

double x_ieft: // hi-1,3

double y top; 14 ki, j

double y_pottom; /! ki,j-1

double N¢; 77 effective density of states in
conduction band

double Nv; /7 effective density of states in
valence opand

double Tp: 14 hole lifetime

double Tn; 4 electron lifetime

double Dn: rs electron diffusion coefficient

double Dp; /7 hole diffusion coefficien

double me; /7 electron mass

double mhr: rr hole mass
public:

// default constructor
CMaterial{}s

/4 main constructor

CMaterial (double density p, double phi_applied_p =
double ni_p 5915256.5520340, double eps p
dcuble Eg_p = 0,double chi_p =0, -
double Ne_p 1, double Nv_p = 1,
double Temperature p = 300, double q p = 1.602e-19,
couble VT_p = 0.026 , double x_right_p = 5e-7,
double x_left_p - 5S5e-7, double y top p = 5e-7,
double y_bottom p = 5e-7, double Tp_E = le-8,
decuble Tn_p = le~B8, double Dp_p = 10.4,double Dn_ p = 221,
double me_p = 6.103365e-32, double mh p = 4.099275e-31);

0.0,
= 1.16643e-12,

[T |
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//Ser value for variable in inputdata file.

void SetValue ldouble density_p, double phi_applied_p = 0.0,
double ni_p 5915256.5%20340, double eps_p = 1.16643e-12,
double Eg_p = 0,double chi_p =0,
double Nc_p = 1, double Nv_p = 1,
doupble Temperature_p = 300, double gq_p = 1.602e-19,
double VT_p = 0.026 , double x_right_p = 5e-7,
double x_left_p = 5e-7, double y top_p = Se-1,
double y _bottom p = 5e-7, double Tp_p = le-8,
double Tn_p = le-8, double Dp_p = 10.4,double Dn_p = 221,
double me_p = 6.103365e-32, double mh_p = 4.099275e-31);

double potential (void) {return phi:)} //

return

potential

double ulveoid) {return U ;| £7

return U

double vi{veoid) (return V ;} //

return V

double EG(void) {(return Eg;} /7

return Eg

double CHI (void)} {return chi;} /7

return chi

double ret_n{void} {[return n: |} //

return n

double ret _pivoid) {(return p; | /7

return p

double ret_Ni(void} (return ni;) /r

return ni

double ret_Ncivoid) {return Nc;i rf/

return Nc

double ret_Nv(void) {return Nv;} //

return Nv

double ret_VT(void) {return VT;} 7/

return VT

double ret_Dn{void) {return Dn;} rf

raturn Dn

double ret_Dp(void) {return Dp;} a4

return Dp

double ret_me(void) {return me;| r

return me

double ret_mh(void) {return mh;] /77

return mh

double ret x leftivoid) {return x_left;:} ¥4 return
x _eft -

double ret_x_right(void) {return x_right;} 1/ return
X_right

double ret_y_top{void) (return y top:) ¥y

return y_top

doubie ret_y bottom{void} (return y_bottom;} // return y bottom

double ret_eps{void) [return eps;|} 'y

return eps

double ret_Field(void} l(return field;} /7

zeturn fieid

double ret Density(void) {return density;} /7 return
density -

double ret_PhiApplied(void) {return phi_applied; } Iy

return phi_applied
// calculate phi from the neighbour's objects
double cal_phi {(CMaterial &ipl, CMaterial &iml, CMaterial &jpl,

CMaterial &jml, double error_limit = le-7,int m = 1000);

//calculate U from the neighbour 's objects
double cal_U {(CMaterial &ipl, CMaterial giml, CMaterial &jpl, CMaterial &jml):

//calculate V from the neighbour 's objects
double cal_V (CMaterial &ipl, CMaterial &iml, CMaterial &jpl, CMaterial &jml):

+/ calculate electron quasi-Fermi level
double cal_fe:mi_level_n(double ref chi, double ref_Eq);

// calculate hole quasi-Fermi level
double cal_fermi_level pl(double ref chi, double ref Eg}:

// calculate electron density in COW

void cal_gqwn{double width, double depth, double ref Eg, double ref chi);
// width is in meter and depth is in Joule - -
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// calculate hole density in QW

void cal_gwp{double width, double depth, double ref_Eg, double ref chi):
// width is in meter and depth is in Joule

//calculate field from the neighbour's objects
void cal_field (CMaterial &¢ipl, CMaterial &£iml, CMaterial &jpl, CMaterial

&iml);

void set_Density(double denst); r/
set material density

void set_AppliedVolt (double phi_appl): // set the
appled voltege

void set_time(double tau); /7
set lifetime

void set_x_left (double sizel} {[x_left = sizel;} /7 ser x_left

void set_x_right {double sizel) (x_right = sizel;} // set x_right

void set_y_top(double sizel} (y_top = sizel:} // set y bottom

void set_y_beottom(double sizel) (y_bottom = sizel;}l // set y bottom

CMaterial operator= (const CMaterial &input}; // declare equal sige
output

virtual ~CMaterial():
Vi

#endif // !'defined (AFX_MATERIAL_K_ DFEF2DSF_B71A_4201_B479_C270EABEYB2A__ INCLUDED_)

® Class Implementation (Material.cpp)

’
FPIIEIITIFT 7877708827780 F R TP Er i idirrriiriiridiidiiriiiillririris

#include "stdafx.h"

#include <iostream.h>
#¢include <math.h>
#include <stdlib.h>

tinclude "Self Consistence.h”
#include "Material.h"

#ifdef _DEBUG

#undef THIS_FILE

static char THIS_FILE|]=__FILE_ ;
#define new DEBUG_NEW

f#endif

PEPEFITE I ET P ETir T8 il i it irttirisriiiiirriiirtirilrtrrris
// Construction/Destruction

FEETEZTEI PRI E02 0808000270880 8017000000000 000000000700 8710070787077

CMaterial::CMateriall)
{
phi
field
rhi0
phi_applied
U
v
n
p
density
ni
q
eps
Eg
chi
vT
Temperature
x_right
x_left
y_top
y_bottom
Ne

g W e Wy %a s By ®p W qa Ve W W Ve

000000 OO0ODCOoODOO00OO0000O
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CMaterial::CMaterial {double density_p. double phi_applied_p,

}

double temp;
density
phi_applied
ni

double
double

ni_p,

double VT _p,
double
double
double Tn_p,
double me_p,

density p:
phi_applied p;
ni_p;

double eps_p, double Eg_p,

chi_p, double Nc_p, double Nv_p,
double Temperature_p,

double q_p,
double x_right_p,

x_left_p, double y_top_p,
y_bottom_p, deouble Tp_p .

double Dp_p,double Dn_p,
double mh_p)

q = q_p;
eps = eps_p:
Eg = Eg_ps
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_botrom_p;
Ne = Nc_ps
Nv = Nv_p;
TP = Tp_ps
n = Tn_p:
Dp = Dp_pi:
Dn = Dn_ps
field = 0;
me = me_p;
mh = mh_p;
if (density<0) !
temp = -density / (2 * ni };
phi0 = -loglitemp + sqrt{(temp*temp) =+ 1));
]
else |
temp = density / ( 2 * ni);
phiQ = logltemp + sqrt{itemp * temp ) + 1 )}:
}
phi = phi_applied + phiO*VT;
4] = expi{-phi_applied/VT);
\' = explphi_applied/VT};
//n =ni * Nc * U * expi{phi/VT) * exp(chi/q/VT};
n =ni * Nc * U * exp({phi+chi/q)/VT);
//p =ni * Nv * V * exp{-phi/VT) * expl(-(chi+Eqg}/q/VT):
P = ni * Nv * V * expi{-(phi+(chi+Eqg)/q)/VT}:

void CMaterial::SetValue{double density_p, double phi_applied_p,

double
double
double
double
double
double
double
double
double

double temp:
density
phi_applied
ni

q
eps

Eg

ni_p,

Eg_p.
Ne_p,

double eps_p,
double chi_p,
double Nv_p,
Temperature_p,

double g p,

VT_p. double x_right_p,

x_left_p,

double y_top p,

y_bottom p, double Tp p,
Tn_p, double Dp_p, double Dn_p,
me_p, double mh_p)

density p;
phi_applied_p;
ni_p;

9P

eps_p;

Eg_p:
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chi = chi_p;

VT = VT_p;
Temperature = Temperature_p;
x_right = x_right_p;
x_left = x_left p:
y_top = ¥y _top_pr-
y_pottom = y bottom_p;
Nc = Nc_p;

Nv = Nv_p:;

To = Tp_p:

™ = Tn_p;

Dp = Dp_p;

Dn = Dn_p;

field = 0;

me = me_p;

mh = mh_p:

if (density<0) |
temp = -density / (2 * ni }:
phi0 = -log({temp + sqrt({temp*temp) + 1));

else |
temp = density / ( 2 * ni);
phil0 = log{temp + sqrti{(temp * temp } + 1 ));
i
phi = phi_applied + phi0Q*VT;
U = exp(-phi_applied/VT):
v = exp{phi_applied/VT}):
n =ni * N¢ * U * expl({phi+chi/q)/VT);
P =ni * Nv = Vv * expi-(phi+(chi+Eq)/q) /VT};

double CMaterial::cal_phi(CMaterial &ipl, CMaterial &iml, CMaterial &jpl,

CMaterial &jml, double error limit, int
m)

{
double y, dy, dxeps, dyeps;
double aij, aiplj, aimlj, aijpl, aijml:
double F, £
double Gl, G2;
double dfx, dfy;

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*(1/x_right-1/x_left)/2:
dyeps = jpl.eps/y_top/2 - jml.eps/y bottom/2 - eps*(l/y_top-l/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;

aijpl = 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;

£ -q*density;

F = aiplj=ipl.phi + aimlj*iml.phi + aijpl*jpl.phi + aijml*jml.phi - £;
= g*ni*{Nc*Uvexpi{phi+chi/q) /VT)

~ Nv-V*exp(-(phi+{chi+Eg) /q}/VT)):
¥y = aij*phi + Gl - F;

while ((fabs(ly) > error_limit) && tm > 0))
{

m-=;
G2 = g=ni* (Nc*U/VT*exp( (phi+chi/q) /VT)
+ Nv*V/VT*exp (- (phi+ (chi+Eg) /q) /VT));
dy = aij + G2;
phi -= y/dy; -
Gl = qg*ni* (Nc*U*exp { {(phi+chi/q) /VT)

-Nv*V*exp (- (phi+ (chi+Eg) /q) /VT)) ;
y = aij*phi + Gl -F;
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if (m< &)

cout << "dy = ™ << dy <<™\n";
cout << "l/dy = " << l/dy <<"\n";

cout << "Function is not convergent , exit program.

exit{l):
n = ni ® Ne * U * expli{phi+chi/q}/VT);
P = ni * Nv * V = expl={(phir+ichi+EQ)/q)/VT):
dfx = -(ipl.phi-phi)/x_right/2 - (phi-iml.phi)/x_lefr/2;

field = sqrt{dfx-dfx);

dfx = —(ipi.phi-phi)/x_right/2 - (phi-iml.phi)/x_left/2:
dfy = -t)pl.phi-phi}/y_top/2 - (phi-jml.phi)/y_bottom/2;
field = sgrtidix"dfx + dfy*dfy);

return phi;

double CMateria.::cal U{CMaterial &ipl, CMaterial &iml, CMaterial &3pl,

CMaterial &jmi)

double aij, aipij, aimlj, aijpl, aijml;

dounle cnno, cnhm, cnkp, cnkm, bnhp, bnhm, bnkp, bnkm;
double enhp, xnhp, xnhm, xnkp, xnkm:

double F, f, G, r;

cnhp = 2°Ln*Nc / (x_rightex_lefr) / x_raight;

anhp = {zhi-ipl.phi}/VT ¢+ (chi-ipl.chi)/q/VT:

onhp < fapsixnhp) < le-10 ? 1-0.5°*xnhp : xnhp/texpixnhp)-1i1;
aiplj - ¢cnhp * bnhp:

cnhm = 2°Dn*Nc / (x_right+x_left) / x_left;

xnhm = (phi-iml.phi)/VT + (chi-iml.chi)/q/VT;

bnhm « fapsixnhm) < le-=10 ? 1-0.5%*xnhm : xnhm/{exp(xnhm)-1);
aim:j = ¢nhm * pnhm;

cnkp = 2°Dn*Nc / (y_top+y bottom) / y_top;

xnkp = (phi-jpl.phi)/VT + (chi-jpl.chi)/q/VT;

bnkp = faostxnkp} < le~«10Q ? 1-0.5"xnkp : xnkp/ lexp(xnkp}=-I);
arjpl = -nkn * onkps

cnkm = I°0n"Ne / (y_top+y_bottom) / y botrom;

%*nkm = azhi-3mL.phl) AVT o+ {chi=-3mi_chid/q/VT:

bnkm = facsixnkm) < le=10 ? 1-0.5%*xnkm : xnkm/ (expixnkm)-1;;
ariml = -nEm " pnkm;

a1) = arc.> + aimlly ¢ aiipl + aijmi:
enhp =« excilphiechi/q) /VTi:

= 1. 4 {ThnU'na* (Nv*Veexp(~-{phischi/q)/VT)])
e Tp "nir* (Nc "Urexpliphiecha/q)/VT)I+1));

= ni1*Ver enhp:
~ni1*": enhp!
=~ aip.:tipi.Y ¢ aimlytiml U + aijpicjpl.U + arymi®yml .U - ¢

Y« F /o iar)-s s
n = ni*NotUrexpliphi=chi/qy/VT):

return o

double CMateria.::cal ViCMaterial &ipl, CMaterial 4iml, CMaterial &jpi,

i

Material &)ml)

double a1y, ai1pli. awmly, a13)pli, aijml;
double cochp, cpha, Cphp, cphm. bphp, bphm, bpkp, bphm;

double ephp, xphp, xpha, xphkp, xpkm;
double F, ¢, G, z:

cphp = 2°Dp*Nv / (in_rightex_left) / n_riqht;

\n";
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*php = (ipl.phi-phi)/VT + (ipl.chi-chi)/q/¥YT + (ipl.Eg-EgQ)}/q/VT;
bphp = fabs(xphp) < le-10 ? 1+0.5*xphp : xphp/{exp(xphp)-1);
aiplj = cphp * bphp

cphm = 2*Dp*Nv / (x_right+x_left) / x_left;

xphm = (iml.phi-phi)/VT + (iml.chi-chi)/q/VT + {iml.Eg-Eg)/q/VT:
bphm = fabs(xphm) < le-10 ? 1+0.5*xphm : xphm/ {exp{xphm)-1};
aimlj = cphm * bphm ;

cpkp = 2*Dp*Nv / (y_top+y bottom) / y_top;:

xpkp = (jpl.phi-phi)/VT + (jpl.chi-chi})/q/VT + (jpl.Eg-Eqg)/q/VT:;
bpkp = fabsi{xpkp) < le-10 ? 1+0.5"xpkp : xpkp/ {exp(xpkp)-1);
aijpl = c¢pkp * bpkp:

cpkm = 2"Dp*Nv / (y top+y bottom) / y bottom;

xpkm = (jml.phi-phi)/VT + {(jml.chi-chi)/q/VT + (iml.Eg-Eg)/q/VT;

bpkm = fabs(xpkm) < le-10 ? 1+0.5*xpkm : xpkm/ (exp{xpkm}-1);
aijml = cpkm * bpkm;

aij = aiplj + aimlj + aijpl + aijml;
ephp = exp{-(phi+chi/g+Eq/q}/VT);

r =1. / (Tn*ni* (Nv*V*exp(-{phi+{chi+Eg)/q) /VT)+1)
+ Tp*ni* (Nc*U*expl{phi+chi/q)/VT)+1));

ni*U*r/ephp;

-ni*r/ephp:

= aiplj*ipl.V + aimlj*iml.V + aijpl*jpl.V + aijml=*jml.V - £;
= F / {aij+G);

<MmmO
I

p = ni*Nv-V*exp(-phi/VT}*exp (- (chi+Eq)/q/VT):

return V;
}

void CMaterial::cal_field(CMaterial &ipl, CMaterial &iml, CMaterial &jpl,
CMaterial &jml)
{

double dfx, dfy;

dfx = —{ipl.phi-phi)/x_right/2 - (phi-iml.phi}/x_left/2;
dfy = =-(jpl.phi=-phi)/y_top/2 - (phi-jml.phi)/y_bottom/2;

field = sqrt{dfx*dfx + dfy*dfy):
}

double CMaterial::cal_fermi_level_n{double ref chi, double ref_Eg)
{

double Efi, Ef;
Efi = -phi*g - (chi+ref_chi) - (Eg+ref_Eg)/2 + 3/4*VT*q*log(mh/me);

Ef = Efi = q*(phi + chi/q + VI*log(Nc) + VI*logtiU)):
return Ef:
}

double CMaterial::cal_fermi_level p{double ref chi. double ref_Eqg)
t

double Efi,Ef:
Efi = -phi*q - {chi+ref chi) - (Eg+ref Eg)/2 + 3/4+*VT*q*logimh/me);
Ef = Efi - q*{phi + chi/q + Eg/q - VI"log(Nv) = VT*leg(V));

return Ef;
}

void CMaterial::cal_qwn({double width, double depth, double ref Eg, double
// width is in meter and depth is in Joule
t

int num,i;

double tmp = 0;

double gam, hbar, 1f, rg, a temp, y, Ef;
double Energ[30]):

double a[30]);

ref chi)
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Ef = cal_fermi_level _ni{ref_chi, ref_Eq):

hbar = 6.625e-34/(2+*3.14159);
gam = sqrt(2*{me/hbar)*depth*width®*width/hbar);

num=0;

do

{
L£=0;
£g=1;
num++;
do

a_temp = (lf+rg)/2;
y = gam®*a_temp-((num-1)*3.14159+2*acos(a_temp)):;

if [(y<O)
lf=a_temp:
clse
rg=a_temp;
} whiiel{fabsiyl>le-91&4{(1l-1f)>1le-8));

Energ!/num]-depth*a_temp a_temp;
alnum]=a_remp;

J while{(tl-1f)>ie=-8) &4& (num<2y);
n=0;

for{i=l;i<num;i=-+)
{
tmp = ilogli-cxp((Ef+phi*qg+{chi+ref_chi)-Energ{i))/(VT*q)));
if (tmp==0)
tmp = exp({{Ef+phi*q+{(chirref chi)-Energiil)/ (VT gq));
n += 7.232e+15"tmp;
I

U = expl-{phi+chi/q)/VT)* n/ini*Nc);
1

void CMaterial::cel_gwp(dourie width, double depth, double ref Eg, double ref chi)
// width is in meter and depth is in Joule
{

int num, i;

double tmp;

double gam, hkar, if, rg, a_temp, y, Ef;
double Energlli]:
double ai30};

Ef = cal_fermi_lievel _p(ref_chi, ref Eq):

hbar = 6.625e-34/(2*3.14159);
gam = sqrt(2*mhdepth*width*width/(hbar*hbar));

num = 0;

do

{
1f = 0;
rg = 1;
num++;
do

a_temp = (1f+rg)/2;
y = gam*a_temp - ((num-1)*3,14159+2*acos{a_temp));

if (y<0)
lf=a temp:
else
rg=a_temp;

} while{{fabsi{y)>le-5)18&({1-1f)>1e-8}));
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alnum] = a_temp:
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= depth*a_temp®a_temp;

} whileft((l-1£)>1le-8)4& (num<2));

p 1.0e-10;

for{i=1;i<num;i++) |
if (tmpa=0}
cmp
E£)/(VT=q)):
p *= 4.85%7e+l6*tmp;
}

V = p/ini*Nv)
]

¢ expliphi+ (chi+Eg)/q) /VT):

void CMaterial::set_Density(double denst)

{
double temp;

sqrt{(temp*remp)

density = denst;

if (density<0)

1
temp = -density/2=ni;
phil = -log(temp +

1

else

{
temp = density/2°ni;
phiQ = log{temp =~

sgrti{temp-tenp)

phi = phi_applied + phiQ*VT;

n
P

)

= pi*Nc*U*expl(phi+chi/q) /VT);
ni*Nv*V*expi{-(phi+ (chi+Eq} /q) /VT);

void CMaterial::set_AppliedVolt {double phi_appl)

{

phi_applied
phi

U

v

n
P

}

void CMaterial::set_time (double
{

Tp
n

}

CMaterial CMaterial::operator=
{
phi
field
u
v
phi0
phi_applied
density
ni
n
P
q
eps
Eg
chi
vT
Temperature
x_right
x_left

[ R I |

phi_appl:
~ phi_applied + phiO*VT;
- expi{-phi_applied/VT);
= exp{phi_applied/VT);

ni*Nc*U*exp({phi+chi/q) /VT}:
ni*Nv*V*exp(-iphi+{chi+EgQ) /q) /VT);

tau)

tau;
tau;

input.phi;
input.field;

input .U;

input.Vv:
input.phi0;
input.phi_applied;
input.density:;
input.ni;

input.n;

input.p;

input.q;
input.eps;
input.Eg;
input.chi:
input.VvT;
input.Temperature;
input.x_right;
input.x_left;

+

-

1

1

1)

{const CMaterial &input)

tmp=log{l+exp{(-phi*g-(chi+ref_chi)-(Eg+*ref_Eq)-Energ[i]-Ef)/ (VT *q)});

expl{-phi*q-(chi+ref chi)-(Eg+ref Eg)-Energ(i]-
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y_top = input.y_top;
y_bottom = input.y_bottom;
Tp = input.Tp;

Tn ) = input.Tn;

Dn = input.Dn;

Dp = input.Dp;

N¢ = input _Nc;

Nv 2 jnput.Nv;

me a input.me;

mh = input.mh;

return *this;
}

CMaterial::~CMaterial{)
{

}
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Figure 1: The structure of the device,

Methodology: A computer program was written in order to simulate the device. Poissongnd Si:hrﬁdingér’s ,eciﬁaxi_ons were
solved setf-consistently in the qua-nn.ir'n well'whi'l‘e-th‘e bulk métcri'a}'l.ised the dri‘ﬂ-difﬁlsion model to simulate. Ultimate]y, the
program wxll be used to smdv the relanonshlp between the forward blas and the emmmg wavelengxh after the n- dOped rcglorx

L]

is heated; The program was w ritten with lhe object- onemed conce:pt so that the program 1s easy o mothfy and upgrade'i in. the
Fulure.

, . . . 3
Results, -D.iscussion and Conclusion: The program is divided into two parts, i.e. dri'ﬁ-difﬁlsion and quantum model. The first

. part s ﬁmshed and venf'xed bv snmulatma 4 simple dence €.8. p*n_]uncnon dlode ‘and the result fits with the analytlcal result,
- chqver once the models were combmed the conv ergent problem occurrcd The program and parameters are being studied
and mod:ﬁ'ed in orgier 1o fix this pmblcm,
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Abstract

A computer simulation is required when a novel idea of the semiconductor device was
proposed. The device, which is called Hot Electron Barrier Light Emitter or HEBLE.
being simulated here is a light source with the potential for being a multi-wavelength
light emitter in the WDM system. The structure of the device is based on the
GaAs/AlGa,.«As material system because it is well understood. The novelty of this
device is in the way it operates. The difference in this device is the energy barrier at
the interface between the n-doped region and the intrinsic region. The GaAS quantum
well. in addition. is situated at the middle of the intrinsic region. When the device is
forward biased, the holes from the p-doped region drift into the quantum well and
wait for the electrons from the n-doped region; however, the electrons from the n-
doped region is prevented from entering the quantum well because of the energy -
barrier. Once the n-doped region is applied with a transverse electric field. the
electrons are so-called heated and able to overcome the energy barrier. The electrons.
therefore. enter the quantum well and recombine with the holes; hence the light. The
wavelength of the light can be altered by changing the forward bias voltage. The
difference in the forward bias voltage gives the different electric field across the
quantum well. Because of the quantum confined Stark’s effect, the energy levels in
the quantum well are different which correspond to the different emitting wavelength.
To find an appropriate structure for the device, varieties of structures were put into the
simulation. The best solution for the device is discussed.

1. Introduction

As multiple wavelength emitters are required in the WDM system, research in this
area is very intensive. The tunable lasers can be roughly divided into three groups[1).
The first group is the mechanically tuned lasers. This type of laser is mainly a Fabry-
Perot cavity that is adjacent to the lasing medium (i.e. external cavity) to filter out the
unwanted wavelengths. Tuning is achieved by adjusting the distance between two
mirrors. This type of tunable laser provides a wide range of tunability but the tuning
time is limited. The second type of tunable laser is an acousto-optically and electro-
optically tuned laser. These are tuned by applying sound waves or electrical current
into the external cavity in order to change the refractive index. The tuning time is
limited by the time required for light to buila up in the cavity at the new frequency.
The tuning time of an acousto-optic laser is a lot quicker than the mechanically tuned
laser but still slower than the electro-optic laser. The tuning range is limited by the
range of frequencies generated by the laser. The vertical cavity surface emitting laser
(VCSEL) coupled with a micromachined deforrnable-membrane has been used to
make an electro-optic laser. The wavelength tuning range of the laser is rather narrow,
19.1nm. but it can be tuned continuously[2]. A more recent example of an slectro-
optic laser is a micro-electromechanical tunable VCSEL laser (MEM-VCSEL)[3].
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The device has three terminals where the first two are for biasing the lascr and the
third one is for changing the wavelength by moving the top mirror; hence the laser
cavity. The last group of tunable lasers is totally different from the previous two.
Instead of changing the external parameter, this type of tunable laser is tuned by
changing the intermnal parameters of the laser. The parameters can be changed by
injecting current into parts of laser or simply changing the bias. This group of tunable
lasers has a wider range of wavelength than the second group and the tuning time is
quicker than the first group. This type of lascr will be discussed, as it is very popular
and intensively studied. Several examples of this type of lasers are being studied
worldwide. The examples of the laser in this group are the three-terminal bias induced
color-tunable emitter (BICE)[4]. the three-branch laser or Y-laser[S]. the sampled
grating distributed Bragg reflector (SG-DBR)[6]. the super structure grating
distributed Bragg reflector (SSG-DBR)[7], and etc. Here we propose another device
in this category. The novelty of the device is the way of changing the wavelength. The
device uses the quantum confined Stark’s effect (QCSE) to change the wavelength.
The structure, as shown in Figure 1, is an Al,Ga;.xAs-GaAs system with an energy
barrier at the interface between the n-doped region and the intrinsic region. The GaAS
quantum well, in addition, is situated at the middle of the intrinsic region. When the
device is forward biased. the holes from the p-doped region drift into the quantum
well and wait for the electrons from the n-doped region: however. the electrons from
the n-doped region is prevented from entering the quantum well because of the energy
barrier. Once the n-doped region is applied with a transverse electric field. che
clectrons are so-called heated and able to overcome the energy barrier. The ¢lectrons.
therefore. enter the quantum well and recombine with the holes: hence the light. The
wavelength of the light can be altered by changing the forward bias voltage. The
difference in the forward bias voltage gives the different electric field across the
quantum well. Because of the QCSE, the energy levels in the quantum well are
different which correspond to the different emitting wavelength. A self-consistence

between the drift-diffusion and Schrédinger equations are required to study the
device.

2. Computer model

Our aim was to discover a device that does not turn on when forward biased. unless a
transverse electric field is also applied. The simulation was undertaken on devices
based on the AlxGal-xAs-GaAs p-i-n structure with a quantum well within the i-
region. The simulation uses a drift-diffusion transport model which is widely used in
solving semiconductor device problems. The model consists of the well-known
classical Poisson’s equation and current continuity equations for both holes and
electrons. The structure of interest contains a quantum well which cannot be solved by
classical equations, only a solution of Schrédinger equation gives a correct estimation
of electrons and holes in the quantum well. Therefore, a numerical solution of the
Schrédinger equation is also required. In order to solve the derivative equations
numerically, a particular definition of derivative is used. All main equations in the
simulation were solved using the finite difference method and in some cases
Newton's method were used in order to solved the non-linear algebraic equations[8].
The simulation is implemented in the C++ language and run under a UNIX
environment. Using the technique of object oriented programming provided by C++;
the program was written and modified easily[9].

The results from the simulation are the band edge diagram and carrier concentrations
across the device at different forward bias voltages. Figure 2 shows the template of
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the structure which will be simulated. To find the appropriate structure, parameters
were altered and the solutions were comparcd and discussed.

3. Numerical results and discussion

After the parameters for the first device have been set, the device has been simulated
without any voltage applied, i.e. in equilibrium. The band edge diagram can be seen in
Figure 3. The electron and hole concentrations at differcnt locations of the device are
plotted against the applied voltages in Figure 4. Increasing the applied voltage
increcases the camrier concentrations in the quantum well and also increases the hole
population in the n-doped region. The hole concentration in the quantum well is
approximately 107 times higher at one-volt forward bias compared to the equilibrium.
When the forward bias is increased to two volts, the hole concentration in the
quantum well increases as expected. However, it is also high in the n-doped region,
which will lead to unwanted recombination and light from the n-doped region.

It can also be seen that the barricr at the interface of the n- and p-doped regions does
prevent electrons from the n-doped region flooding into the quantum well as the
electron concentration in the quantum well is very low with every applied voltage.
Many parameters, such as the position of the quantum well, the doping and the
dimension of each region, were altered to sce whether an opcerational device could be
achieved.

A desired device is a dcvice that does not turn on, i.¢. no light emission, when forward
biascd, unless a transverse clectric ficld is also applied to the n-doped region. In the
other words, when the device is only forward biased, the electron concentration in the
quantum well must be low while the hole concentration in it must be high. Howevecr,
to avoid bulk emission, i.e. the emission at the n-doped region, the hole concentration
in the n-doped region must be low.

The first parameter to be altered is the percentage of aluminium in the p’- and p-doped
regions. Actually the first device with Alp3Gao7As gives a reasonable result.
However, it is a good idea to look at the cffect of the composition of aluminum and
the result is shown in Figure 5. A lower composition gives a lower barrier, so that the
electrons can be heated casier. The main cffect of this parameter is on the height of
the heterojunction at the p-n interface and also the confinement of the quantum well.
As the composition of Al in the p- and p-doped regions varics from 0.1 to 0.3, we can
see that the hole concentration in the quantum well increases, i.e. a better confinement
in the quantum well, while it decreases in the n-doped region. At the same time the
increasing aluminium concentration produced a dramatic decrease of the electron
population in the quantum well. So with reasons, the program gives appropriate
results and an idea of how much the aluminium composition in p’-and p-doped region
should be. Clearly in terms of our requirements we should choose a high aluminium
concentration. Therefore Alo3Gag.7As was chosen for the p’- and p-type regions.

The next parameter to be looked at is the position of the quantum well. The test
devices will have the quantum well from 100nm away from the p-doped region to
300nm. Figure 6 shows the carrier concentrations in the quantum well and n-doped
region. It can be seen that the closer the quantum well is to the p-doped region the
higher the hole concentration in the quantum well at the same bias. The electron
concentration in the quantum well is also lower when the quantumn well is closer to
the p-doped region. The hole concentration in n-doped region is, however, almost
constant throughout the variation of the position of the quantum well. It is clear that

the optimized device would have the quantum well at 100nm from the p-doped
region.
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The next parameter to be looked at is the size of the p-doped region. As said earlier,
the ideal device would have holes populating the quantum well when it is forward
biased alone. If the distance from the n-doped region to the quantum well is long, it
might take a longer time for electrons to arrive when the device is electrically hecated
limiting the response of the device, also losses due to the recombination. The length
of the p'-doped region was varied in order to find the optimum. The quantum well was
fixed at 100nm from the p-doped region.
It has been found, as seen in Figure 7, from the simulation that the results are almost
identical in all sizes. As mentioned earlier, the smaller size of p-doped region makes
the device more responsive, and, as the simulation shows nothing different betwcen
the different sizes, the size of 200nm is chosen.
The next concemn is the hole concentration in the quantum well. It seems to be low as
the doping of the p-doped region is low. We are trying to have the highest possible
concentration of holes in the quantum well by increasing the doping concentration in
the p-doped region. However, the drawback is that the hole concentration in n-doped
region is going to be higher as well. The variation of the doping concentration in the
p-doped region will be from 1x10'® to 1x10'%cm™’. Figure 8 shows the concentration
of holes and electrons in the quantum well and n-doped region. There is a big
improvement of the hole concentration in the quantum well from the doping of 1x10'®
to 1x10'’em™; however, it seems not to change much between the doping of 1x10'"7
and 1x10'%c¢m, The doping of 1x10'’cm™ gave an acceptable result as the hole
concentration is approximately 10'’em™ in the quantum well, which is high, but in the
n-doped region is approximately 10'*cm™, which is still low. The doping of
1x10'’cm?, therefore, was chosen for the doping of the p-doped region.
The next parameter to be looked at in this simulation is the percentage of the
aluminium in the n-doped region. Previously, the n-doped region was GaAs.
Increasing the aluminium composition would results in lowering the barrier. The
result is shown in Figure 9. The hole concentration in the quantum well does not
change with different materials for the n-doped region; however, the hole
concentration in the n-doped region changes dramatically. It can also be seen that the
electron concentration is getting higher in the quantum well as the aluminium
composition of the n-doped region’s material is higher, i.e. the bamrier is lower. We
have chosen Alg GagoAs to be the material for the n-doped region as it gives a lower
hole concentration in n-doped region. The reason that Aly;GagsAs was not chosen is
that the heating might be difficult. The mobility of the material will be lower when the
aluminium composition is higher, which makes it difficult to heat electrically.
Moreover, the electron concentration in the quantum well is getting higher as the
barrier is lower.
Last but not least, the doping concentration of the n-doped region was investigated.
The reason we used 1x10'®cm™ for the doping of the n-doped region is that we might
have encountered problems when heating a high doping region. The higher doping of
the n-doped region results in the lower resistance, which requires more power for the
same heating field. However, if the doping concentration is too low, the carrier
population will not be enough. Our aim is to raise the doping to 5x10'°cm™. The
simulation results, Figure 10, show that there is no difference for hole concentrations
in both quantum well and the n-doped region when the doping of the n-doped region
is changed to 5x10'%cm™.
One may notice a slightly higher, but still less than 10'2cm, of electron concentration
- in the quantum well. This higher electron concentration is basically from the higher
doping of the n-doped region but as it is very low, it shows that the barrier is working
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perfectly. Therefore we can safely change the doping concentration of the n-doped

region to 5x10'%cm™.

So far, it seems that all parameters have been obtained. However, the middle part of
the structure is the p’-doped region, which is doped at 1x10'*cm™. This doping level
might not be easy to achieve when growing the wafer. Therefore, we decided to leave
that region undoped. When the Al;Ga,_xAs is undoped, the built-in doping level is
1x10"°cm™ n-type. Another simulation was performed to see if the change of the
doping would affect any results we previously have. Figure 11 shows the
concentration of carriers at an applied voltage of 2V and indicates that the results are
insensitive to the doping in the central region where the range of doping is from p-
doped of 1x10"*cm™ to n-doped of 1x10'>cm™. This is reasonable as the doping is

very low and the middle region is almost totally depleted. We also found that all
results at every bias are almost identical.

4. Conclusion

From the results, the appropriate structure was found as shown in Figure 12.
However, according to the result shown in Figure 9, the material of the n-doped
region will be AlpGaggAs. As mentioned earlier, the mobility of Alp;GagsAs is
lower than GaAs, which makes the device more difficult to heat. The suggestion is

that there should be two testing wafers with different materials in the n-doped region,
i.e. Alp.GagoAs and GaAs.
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Figure 1. The outline of the devnce structure whose dOpmg concentration, percentage
of aluminium in Al,Ga,xAs of all layers, size and position of the quantum well were
altered and simulated.
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Figure 2. The first structure for simulation is shown with the dimensions and doping
concentrations. The quantum well is in the middle of the p™-doped region.
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Figure 3. The band edge diagram of the first device in equilibrium.
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Figure 5. Concentrations in the quantum well and n-doped region of the devices with
different Al composition in the p’- and p-doped regions. The devices are two-volt
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Figure 6. Concentrations in the quantum well and n-doped region of the devices with
different position of the quantum well. The devices are one-volt forward biased.
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Figure 7. Concentrations in the quantum well and n-doped region of the devices with
different sizes of the p--doped region. The devices are two-volt forward biased.
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different Al composition in n-doped region. The devices arc two-volt forward biascd.
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Figure 11. Concentrations in the quantum well and n-doped region of the devices
with different doping of the middle region, where the ncgative doping means p-typed
doping and the positive means n-typed doping. The devices are two-volt forward
biased.
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Figura2. The optimized structure for the device. The quantum well is in the middle
of the intrinsic region.
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