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Long-term average of daily/yearly sum
Daily sum: < 2.2 2.6 3.0 3.4 3.8 4.2 4.6 5.0 5.4 5.8 6.2 6.6 7.0 74 >
KWh/m*
Yearlvsum: < 803 949 1095 1241 1387 1534 1680 1826 1972 2118 2264 2410 2556 2702 >
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%% Variables

PR =0; % photon recycling

kT =0.026; % eV

%%%

alpp =5.0; % 1/micrometer (0.01 == 1074 1/m)
alp =5.0; % (1.0 == 10”6 1/m)

nr =2.5; % refractive index

c =3*1.0el4/nr; % micrometer/s

bta = c*alpp;

%%%

Dg =clalp;

De =1.7*%(1.0e6); % micrometer"2/s
Dp =1.1*(1.0e6);
%%%
Nc =1e7;
Nv =1le7;
%
Br = alpp*1e2;
10 cm"3/s)
Bnr = 3e6;
BAgr = 1e-5;
%%%
Eg =1.61; % eV
ni = Nc*exp(-Eg/(2*kT));
%%%
oc=1,
%%%
speedF = c/2;
speedR =c/2;
%%%%
VItgSlungp = zeros(50,50);
nSlu = zeros(50,50);
pSlu = zeros(50,50);
PLoutF = zeros(50,50);
PLoutR = zeros(50,50);
%%%%%%
for ii = 1:50
d = (1/25.0)%ii ;
dom = [0d];

% 1/micrometer"3

% micrometer~3/s (alpp*1e2) (100 == 10"-

% 1/s (3e6)
% micrometer"6/s

% (1.0 micrometer)

g0 = 1e-3;
n0 = 1e2;
p0 = 1e2;

for jj = 1:50
intFIx = (1.37(jj-18))*(4e9);
== 4.0*1e9)

% 1/s 1/micrometer"2 (1 sun

% Assign the differential equation to a chebop on that domain.
N = chebop(@(x,u,v,w) [
Dg.*diff(u,2) -PR.* bta.*u + Br.*(v.*w - ni*ni)
De.*diff(v,2) +PR.* bta.*u
- Br.*(v.*w - ni*ni) - Bnr.*(v-ni) - BAQr.*(v.*v.*w - ni*ni*ni)
+ intFlx*alpp.*exp(-alpp.*x)
Dp.*diff(w,2)+PR.* bta.*u - Br.*(v.*w - ni*ni)
- Bnr.*(w-ni) - BAgr.*(v.*w.*w - ni*ni*ni)
+ intFIx*alpp.*exp(-alpp.*x)
], domy);
% Set up the rhs of the differential equation so that N(u, v) = rhs.

rhs = [0;0;0];
% Assign boundary conditions to the chebop.
if oc
N.bc = @(x,u,v,w) [Dg.*feval(diff(u),0) - speedF.*u(0)

feval(diff(v),0)
feval (diff(w),0)
Dg.*feval(diff(u),d) + speedR.*u(d)
feval(diff(v),d)
feval (diff(w),d)];

end

% Construct a linear chebfun on the domain,

- X = chebfun(@(x) x, dom);

% and assign an initial guess to the chebop.
u_init = go;

V_init = n0;

w_init = p0;

N.init = [u_init; v_init; w_init];

%% Setup preferences for solving the problem.

options = cheboppref();

% Print information to the command window while solving:
options.display = "iter";

- % Option for tolerance.
~options.bvpTol = 5e-13;

% Option for damping.

options.damping = false;

% Specify the discretization to use. Possible options are:
options.discretization = 'values';

% Option for determining how long each Newton step is shown.
%options.plotting = 0.4;

%% Solve!
% Call solvebvp to solve the problem.
[u, v, w] = solvebvp(N, rhs, options);

g0 =uy;
n0=v;

p0 =w;

%% Plot the solution.

g =u* (1el2); % photon density cm”-3
n=v*(1lel2); % electron density

p=w * (1el2); % hole density

%%%

VItgSlungp(ii,jj) = Eg + kT*log(v(0)*w(d)/(Nc*Nv));
nSlu(ii,jj) = sum(n) / d;

pSlu(ii,jj) = sum(p) / d;

end

‘end
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%% Variables
PR =1, % photon recycling (Pr= 0or 1)

kT =0.026; % eV

Eg =1.61; % eV

%%%%%

alpp = 5.0; % 1/micrometer (0.01 ==10"4 1/m)
alp =5.0; % (1.0 == 10"6 1/m)

Nr =2.5;

¢ = 3*1.0e14/Nr; % micrometer/s

bta = c*alpp;

%%%%%

Dg =clalp;

Dn =1.7*(1.0e6); % micrometer"2/s [3.0%(1.0e7) ==
3.0%(1.0e-1) cm™2/s]

Dp =1.1%(1.0e6);

%%%%%

Br = alpp*1e2; % micrometer"3/s (alpp*1le2) (100 == 10"-
10 cm"3/s)

Bsrh = 3e6; % 1/s (3e6)

BAgr = 1e-5; % micrometer"6/s (1le-5 == 10"-29 cm"6/s)
%%%%%
oc=1;

%%%%%
speedF =c/2;
speedR =c/2;

%%%%%
vomgnp = 100;
\oltage= zeros(45,vomgnp);
omg=Bsrh.*logspace(-3,6,vomgnp);
omgMAX = zeros(1,vomgnp);

%%%%%

d=0.35;
dom =[0d];

for ii = 1:45

intFIx= (1.37(ii-18))*(4e9);
Is=intFIx/100;

i

nSS = nslu(ii);

pSS = pslu(ii);

for jj = 1:vomgnp

omega = omg(jj)

% Assign the differential equation to a chebop on that domain.
N = chebop(@(x,gr,gi,nr,ni,pr,pi) [

Dg*diff(gr,2)-bta*gr+Br*(nSS*pr+pSS*nr)+omega*gi
Dg*diff(gi,2)-bta*gi+Br*(nSS*pi+pSS*ni)-omega*gr

Dn*diff(nr,2)+bta*gr-(Bsrh+Br*pSS+2*BAgr*nSS*pSS)*nr

-(Br*nSS+BAgr*nSS”2)*pr+ls*alp*exp(-alp*x)+omega*ni

Dn*diff(ni,2)+bta*gi-(Bsrh+Br*pSS+2*BAgr*nSS*pSS)*ni
-(Br*nSS+BAgr*nSS”2)*pi-omega*nr

Dp*diff(pr,2)+bta*gr-(Bsrh+Br*nSS+2*BAgr*nSS*pSS)*pr
-(Br*pSS+BAgr*pSS” 2)*nr+ls*alp*exp(-alp*x)+omega*pi

Dp*diff(pi,2)+bta*gi-(Bsrh+Br*nSS+2*BAgr*nSS*pSS)*pi
-(Br*pSS+BAgr*pSS~2)*ni-omega*pr
].dom);

rhs=[0;0;0;0;0;01;

% Assign boundary conditions to the chebop.
if oc
N.bc = @(x,gr,gi,nr,ni,pr,pi)[
Dg.*feval(diff(gr),0) - speedF.*gr(0)
Dg.*feval(diff(gi),0) - speedF.*gi(0)
feval(diff(nr),0)
feval(diff(ni),0)
feval(diff(pr),0)
feval(diff(pi),0)
Dg.*feval(diff(gr),d) + speedR.*gr(d)
Dg.*feval(diff(gi),d) + speedR.*gi(d)
feval(diff(nr),d)
feval(diff(ni),d)
feval(diff(pr),d)
feval(diff(pi),d)];
end
% Construct a linear chebfun on the domain,
x = chebfun(@(x) x, dom);

% and assign an initial guess to the chebop.
- gr0 =0.01;

gi0 = 0.01;

nr0 = 10;

ni0 = 10;

pr0 = 10;

pi0 = 10;
%% Options
options = cheboppref();
options.display = "iter";

~options.bvpTol = 5e-13;
~options.damping = false;

options.discretization = ‘values’;

%% Solve!

% Call solvebvp to solve the problem.

N.init = [gr0; gi0; nrO; niO ; pr0 ; piO];
[gr,gi,nr,ni,pr,pi] = solvebvp(N, rhs, options);

\oltage(ii,jj) =

- (KT/(nSS.*pSS)).*((pSS.*(nr(0)+ ni(0)*1i) + (pr(d) + pi(d)*1i).*nSS));
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Aabstract

Owing to global warming problems, renewable energy resources such as hydropower,
geothermal, and solar energy have attracted considerable attention in recent decades.
Regarding exploiting solar energy, one of the most promising ways is to use the solar cell
technology that can convert the photon energy of the sun directly into electrical power.
Among the emerging solar cells, Perovskite solar cells have received many attentions in
recent years both in science and technology. Different physical processes, including pho-
ton absorption, charge transport and charge recombination (nonradiative, radiative, and
Auger) occur in working conditions of a solar cell. One of the processes recently studied
by researchers in the field is the phenomenon of photon recycling, which is the process of
reabsorption of the photon resulted from the radiative recombination of electron-hole, in
the Perovskite absorbers. In the present dissertation, we have investigated the effect of
photon recycling on the open-circuit voltage (V,.) of the Perovskite solar cells. To this
end, first, by solving a set of three coupled nonlinear continuity equations for electrons,
holes, and photons, we obtained the charge carriers density (electrons and holes) in an
absorber layer. The densities were used to calculate the V. of the cell. We then exam-
ined the dependence of the voltage to the various parameters of the cell as the absorber
thickness, the illumination influx intensity, and the nonradiative lifetime. To assess the
photon recycling effect, the results were also compared with the corresponding cell without
the photon recycling feature. According to our results, as the thickness increases, due to
the competition between the recombination loss and the photon recycling gain, there is a
maximum in the dependency of the voltage on the thickness. It was also found that the
photon recycling has its most impact on the voltage at illumination fluxes higher than
1Sun where the radiative recombination loss becomes the dominant loss pathway in the
absorber layer. Furthermore, since for the large nonradiative lifetime, the recombination
regime is radiative, the photon recycling influence increases, leading to a saturated value
for the open-circuit voltage of the cell which is known as the Shockley-Queisser limit.
By examining the interplay between the various effects, it was finally concluded that the
photon recycling can increase the open-circuit voltage several tens of mV, which in turn

enhances the efficiency of the Perovskite solar cells by about 1 .

Keywords: Perovskite Solar Cells, Photon Absorption, Charge transport, Charge Re-
combination, Photon Recycling, Continuity Equations, Open-Circuit Voltage, Shockley-
Queisser limit, IMVS Spectroscopy.
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