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ABSTRACT

In this manuscript, carrier transport simulation methods are proposed for devices with the coexistence of quantum transport and dif- ¢
fusive transport by combining the nonequilibrium Green’s function method with the drift-diffusion transport simulation method.
Current continuity between quantum transport and drift-diffusion transport is ensured by setting quantum transport current as the
connection boundary condition of drift-diffusion simulation or by introducing quantum transport-induced carrier generation rates to
drift-diffusion simulation. A comprehensive study of our method and the method combining the Wentzel-Kramers-Brillouin (WKB)
method with the drift-diffusion transport simulation method is performed for n-type tunnel oxide passivating contact solar cell to
investigate their applicable conditions and balance the accuracy and computational cost. As the oxide barrier width, barrier height,
and electron effective mass increase, or the doping concentration in the electron transport layer decreases to the extent that the block-
ing effect of the oxide barrier on light-generated electrons becomes significant, method I is more accurate since the transmission coef-
ficient near the conduction band edge calculated by WKB is overestimated; otherwise, method II is more suitable due to its low
computational cost without the loss of accuracy. In addition, the differences between current densities, carrier densities, and
Shockley-Read-Hall recombination rates simulated under the two current continuity conditions for the solar cell with different carrier
mobilities are also further explored and analyzed.
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I. INTRODUCTION that carriers can tunnel through is introduced to the solar cell to
reduce the surface recombination loss and, hence, increase its effi-
ciency; the solar cell is named tunnel oxide passivating contact
(TOPCon) solar cell.'"™ Quantum wells are introduced into solar
cells to enhance light absorption at long wavelengths™ because
in Fig. 1. For example, a nanometer scale surface passivated oxide their bandgap can be tuned by varying the width. A quantum well

Scientists introduce nanoscale structures into macroscopic
devices to enhance their performance, thus leading to the coexis-

tence of quantum effects and diffusive carrier transport as shown
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FIG. 1. Schematic of devices with the coexistence of quantum transport and dif-
fusive transport.

is introduced to heterojunctions to fabricate the resonant tunneling
diode,”” which is capable of ultrahigh-speed operation and can be
used as terahertz oscillators and terahertz emitters.”

Simulation methods have been proposed to deal with carrier
transport in various semiconductor devices with different scales.
The nonequilibrium Green’s function (NEGF) method widely used
for nanoscale devices’'* provides a rigorous framework to deal
with quantum transport. Diffusive transport can be simulated by
solving drift-diffusion transport equations by the finite element
method (FEM) or finite difference (FD) method.'”™"” In addition,
scholars are also dedicated to incorporating quantum effects into
drift-diffusion simulation.””~>* The density gradient confinement
model is proposed by introducing a quantum potential gradient
term to capture the quantum confinement effect on drift-diffusion
transport.”>*" A tunneling-induced carrier generation term is intro-
duced to diffusive transport equations to account for carrier tunnel-
ing through the Schottky barrier.””

Typically, people introduce a tunneling-induced carrier gener-
ation term calculated by the Wentzel-Kramers-Brillouin (WKB)
approximation method into the drift-diffusion transport equations
to simulate devices with the coexistence of quantum transport and
diffusive transport.””~”° However, under what conditions the WKB
method is accurate enough to capture the carrier transport behavior
is still unknown since the WKB method is an approximation
method.”” In this paper, another simulation method for the device
with the coexistence of quantum transport and diffusive transport
based on the NEGF method and the drift-diffusion simulation
method is proposed. Since the NEGF method is more accurate but
more time-consuming than the WKB method, the two methods are
then further compared, and applicable conditions of the two simu-
lation schemes are discussed to balance accuracy and computation
cost.

The manuscript is organized as follows. In Sec. II, carrier
transport simulation methods for electronic devices with the coex-
istence of quantum transport and drift-diffusion transport are pre-
sented. The verification of the simulation method is presented in
Sec. I1I. In Sec. IV, a comprehensive study of the two carrier trans-
port simulation methods is performed to explore their applicable
condition, and the difference between the two current continuity
conditions is compared and analyzed. The conclusions are finally
drawn in Sec. V.

ARTICLE pubs.aip.org/aip/jap

TABLE |. Simulation strategy: devices with coexistence of quantum transport and
diffusive transport.

Step 1: Start with initial potential guess and initial quasi-Fermi
level guess for the whole device;
Step 2: Calculate quantum transport current Jor for quantum
transport region by NEGF method or WKB method;
Step 3: Self-consistently solve drift-diffusion equations and
Poisson’s equation with current continuity condition,
which is developed based on the quantum transport
current calculated from step 2 (two methods to guarantee
the current continuity are proposed and introduced in
more detail in Sec. II D);
Step 4: if quantum transport current density is not converged |
Jar —Jar-o)/Jar-ola | > error
Go step 2;
else:
end;

Il. MODELING AND SIMULATION METHODS

The simulation strategy is shown in Table I. The quantum
transport simulation by NEGF or WKB methods is presented in
more detail in Secs. II A and II B, respectively; the drift-diffusion
simulation method is discussed in Sec. Il A; and the current conti-
nuity conditions between quantum transport and diffusive trans-
port are investigated in Sec. II D.

The shortened name of carrier transport simulation methods
and current continuity conditions between quantum transport and
drift-diffusion transport used in this paper are listed in Table II.

A. Quantum transport simulation by NEGF method

The NEGF method is briefly introduced in this subsection,
and more details can be found in Refs. 28 and 29. The quantum

TABLE II. Shortened name of carrier transport simulation methods and current con-
tinuity conditions between quantum transport and drift-diffusion transport.

Methods

Combine NEGF method with
drift-diffusion transport simulation
method
Combine WKB method with
drift-diffusion transport method
Set the quantum transport current as
connection boundary condition of
drift-diffusion simulation
Quantum transport current is
transformed into carrier generation
rates which is introduced into
drift-diffusion equation

Shortened name

Carrier transport
simulation method I

Carrier transport
simulation method II
Current continuity
condition I

Current continuity
condition II
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transport current can be calculated as™

2q (™ .
J= —7J dE(Trace[I';Alf; — Trace[I';G"]), (1)

where i is the terminal index, I is the broadening matrix, A is the
spectral function, G" is the'electron correlation function, which can
be calculated as G* = G Y™ G'.

Green’s function is given as*®

1

El-H-3, -3,

where H is the Hamiltonian, I is the identity matrix, and Z;,) is
the self-energy matrix.

G(E) = 2

B. Quantum transport simulation by WKB
approximation method

The quantum transport current calculated by the WKB
method can be written as®’

2q (T
=2 J_ TCEVf(E — En) — f(E - Em))dE,  (3)

where h is Planck’s constant, E is the energy level, g is the elemen-
tary charge, and f is the Fermi function. Ep; and Epp are the
quasi-Fermi levels at the left and right ends of the quantum trans-
port region, respectively. TC(E) is the transmission coefficient and
can be calculated as”’

2

d
TC(E) = exp <— %J V/2mgia(q®s — gFgiax — E)dx), (4)
0

where 7 is the reduced Planck constant, mg is the carrier effective
mass, @y denotes the left barrier height, Fg is the electric field,
and d is the thickness of the barrier.

C. Simulation methods in drift-diffusion transport
region

The drift-diffusion equations and current continuity equations
can be discretized by the Scharfetter-Gummel method and solved
with Poisson’s equation using the finite element method; more
details can be found in Refs. 30 and 31.

D. Current continuity conditions between quantum
transport and drift-diffusion transport

In this subsection, two methods are proposed to guarantee
current continuity between quantum transport and drift-diffusion
transport. The current continuity condition I: The quantum trans-
port current is first calculated, which is set as the connection boun-
dary condition for diffusive transport at the interface between the
quantum transport region and drift-diffusion region.

The current continuity condition II: The quantum transport
current is first calculated and transformed into a carrier generation
rate, and then, the carrier generation rate is introduced to the drift-
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FIG. 2. (a) Schematic of current continuity condition I: The current in quantum
transport region is first calculated by NEGF or WKB methods and set as the
connection boundary condition of drift-diffusion transport simulation. (b)
Schematic of current continuity condition II: The current in the quantum transport
region is first calculated by the NEGF or WKB method and transformed into a
positive and a negative carrier generation rate. The positive generation rate rep-
resents the carrier injection into the drift-diffusion transport region, and the nega-
tive generation term represents carrier extraction from the drift-diffusion transport
region.

diffusion equations for the two diffusive transport regions, which

sandwich the quantum transport regions. However, the generation ;

rates in the two diffusive transport regions are with different signs:
One is positive and the other is negative. The positive generation
rate represents the carrier injection into the drift-diffusion trans-
port region, and the negative generation term represents the carrier
extraction from the drift-diffusion transport region.

Taking electrons transporting from left to right as an example
as illustrated in Fig. 2(b), hole transport can be treated similarly,
and the quantum transport-induced carrier generation rates on the
left and right sides of quantum transport region are positive and
negative, respectively, and can be written as

G Jorn
qAL

, @)

where o1, is the electron current in the quantum transport region
and the quantum transport-induced carrier generation rates are
uniformly distributed over a length of AL, whose value can be set
according to mean free path, diffusion length, energy relaxation
length, or momentum relaxation length,”*™”* which can provide
more flexibility to adapt the simulation results to measurements.
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FIG. 3. (a) Structure and (b) flatband diagram of the n-type TOPCon solar cell
based on the anode/hole transport layer (HTL)/active layer (AL)/tunnel layer
(TL)/electron transport layer (ETL)/cathode stacks.*® Eg1 and Eg, represent the
bandgap of Si and SiO,, respectively, and ys; and ysio. represent the electron
affinity of Si and SiO,, respectively. Ecs, Eys, Efys, and Egy, represent the
conduction band edge, the valence band edge, the anode work function, and
the cathode work function, respectively.

I1l. VERIFICATION OF SIMULATION METHODS

The correctness of the simulation method that combines
NEGF with the drift-diffusion simulation method should be veri-
fied first before further investigation; hence, in this section, the
n-type TOPCon solar cell is chosen as the simulation example and
the J-V curves simulated using our methods are compared to the
previous experimental results. The structure and the flatband
diagram of the n-type TOPCon solar cell based on the anode/hole
transport layer (HTL)/active layer (AL)/tunnel layer (TL)/electron
transport layer (ETL)/cathode stacks are shown in Figs. 3(a) and
3(b), respectively. SiO, is treated as the quantum transport region
in simulation since electrons can transport through it as waves,
while Si is treated as the drift-diffusion transport region.

The J-V curves calculated by our carrier transport simulation
methods under the two current continuity conditions are shown
and compared with experimental results in Fig. 4, and the material
parameters used in simulation are listed in Table III. For current
continuity condition II as in Sec. II, AL is set as 10 nm. The accep-
tor doping concentration of the hole transport layer is 6 x 10**/m?,
the donor doping concentration of the electron transport layer is
5x 10*°/m”, and the donor doping concentration of the active layer
is 5 x 10*!/m>. The electron mobility is 1400 cm?/V/s, and the hole
mobility is 450 cm®/V/s. The electron effective mass in oxide is
0.30 my,” the electron affinity of SiO, is 0.95€V,”® and the thick-
ness of SiO, is 1.5nm.”” Good agreements with the experimental

35 .
results”” are achieved.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, the applicable conditions of the two carrier
transport simulation methods are further explored for n-type
TOPCon solar cells with different oxide thicknesses T, different
oxide barrier heights ®p (=g, — xs:;), which is adjusted by chang-
ing the electron affinity of oxide, different electron effective masses
in oxide m,,, and different doping concentrations in electron trans-
port layer Nggrr. In addition, the differences in the J-V curves,

ARTICLE pubs.aip.org/aip/jap

20 .

B Experiment®
== NEGF+DD+Current Continuity Condition |

10 = = = NEGF+DD+Current Continuity Condition I

Current Density [mA/cm?]

0 1 1 1 1 1 1 1
0 100 200 300 400 500 600 700
V[mv]

FIG. 4. Comparison of J-V curves calculated by our carrier transport simulation
methods with the two current continuity conditions between the previous experi-
mental result for the device with 1.5 nm oxide thickness.”

carrier densities, and Shockley-Read-Hall (SRH) recombination
rates simulated by method I under the two current continuity con-
ditions separately for the device with different carrier mobilities are
also explored and analyzed. The relative difference between the
current densities simulated by methods I and II is defined as | AJ/J
| =| U1 = L)/Ji | Tight-binding Hamiltonian is used for the NEGF
simulation.

Figure 5 shows the J-V curves calculated by the two carrier
transport simulation methods with different oxide thicknesses
(1.6, 1.8, and 2.0 nm). As the oxide thickness increases, the barrier

width increases, which makes it harder for electrons to tunnel 1

through and leads to a decrease in the current density. To explore
the difference between the current densities calculated by the two
carrier transport simulation methods, the comparisons of the
band profile, transmission coefficient, and spectral current density
calculated by the two methods are shown in Figs. 6(a)-6(c),
respectively, and the coordinate of the left end of the oxide layer is
set to 0.

Figure 6(b) shows the transmission coefficients calculated
by NEGF or WKB methods for the solar cell with 1.8 nm oxide
thickness and 600 mV voltage applied to the anode. The trans-
mission coefficient calculated by the NEGF method is TC(E)
= Trace(I'; GI',G"). The reason for the difference between current

TABLE lll. Material parameters of the n-type TOPCon solar cell.

Symbol Quantity Si SiO,
E, Bandgap 1.12eV™° 89ev’®
X Electron affinity 4.05eV™°

& Relative permittivity 11.9°° 3.97°
Me Electron effective mass 1.06 my°

my, Hole effective mass 0.59 my”°
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FIG. 5. J-V curves calculated by the two carrier transport simulation methods S 10 ,| [Between Cumrent Densitits , 1
with different oxide thicknesses (1.6, 1.8, and 2 nm). ‘g 10| (Calculated by the Two Methods 1
§ 103} e 1
2 10*) A 1
o . L4
densities calculated by the two methods is that the transmission @ 10°} /" 1
coefficient calculated by the NEGF method is smaller than that ‘€ 105} o = <cion Gosfriciont ]
calculated by the WKB method for the energy level near the con- % 107} A —c::;:::::'g; NZGF'C'ent ]
duction band edge,’” i.e., where the quantum transport current in F 10° 7 = = - Transmission Coefficient }
the tunnel layer of the n-type TOPCon solar cell mainly comes 10_9r Caleulated by WKB

from. Figure 6(c) shows the spectral current densities calculated 40 35 30 25 20 15 10 05 0.0

by the two carrier transport simulation methods. For the energy Energy [eV] R
level near the conduction band edge, the spectral current density b S
calculated by the WKB method is larger than that calculated by — (b) §
the NEGF method, which further confirms our analysis. 3 1400 ——————————————— ®

The relationship between the relative difference in the current “g 1200 IF Mainly Contributes to §
density and parameters corresponding to carrier tunneling in 3 ! The Tunneling Current S
n-type TOPCon solar cells is given in Fig. 7 to explore the applica- E 1000
ble conditions of the two carrier transport simulation methods. For = soolE
the solar cell with oxide thickness thinner than 1.6 nm, oxide g & —— Spectral Current Density
barrier lower than 3.3 eV, donor doping concentration greater than 9 600 LY Calculated by NEGF
1x10®m™, and electron effective mass in oxide smaller than 8 ! R ek

X X . £t 400} alculated by WKB

0.35 my, the relative difference between current densities calculated 3
by the two methods is approximately equal to zero; hence, method T 200"
II is more suitable due to its low computational cost without loss of B v
accuracy. As the oxide barrier width, barl'rier height, an.d elgctron & 0_4_0 35 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0
effective mass increase, or the donor doping concentration in t[he Energy [eV]
electron transport layer decreases to the extent that the blocking ©
effect of the oxide barrier on light-generated electrons becomes sig-
nificant, method I is more accurate because the transmission coeffi- ‘ _
cient for the energy level near the conduction band edge calculated FIG. 6. (a) Comparison of band profiles calculated by the two carrier transport
by WKB is overestimated simulation methods for the device with 1.8 nm oxide thickness and 600 mV

Th hy d o the d doi tration i voltage applied to the anode. (b) Comparison of transmission coefficients calcu-

¢ reason why decreasing the donor doping concentration in lated by NEGF or WKB methods for the device with 1.8 nm oxide thickness and
the electron transport layer increases the current density relative 600 mV voltage applied to the anode. (c) Comparison of spectral current densi-
difference is that the difference between the conduction band edge ties calculated by NEGF or WKB methods for the device with 1.8 nm oxide
and quasi-Fermi level at the left and right ends of oxide is increased thickness and 600mV voltage applied to the anode. The inset in (a) is the
as shown in Fig. 7(c), which reduces the value of the Fermi func- zoomed-in picture of the conduction band and electron quasi-Fermi level near
tion, thereby reducing the current density and also enhancing the the left end of the oxide simulated by the two methods, respectively. The energy
blocki ffect of th tential barri the light ted levels that contribute the most to the quantum transport current are those
loct ng ellect ol the polential barrier on the lght-generate covered by the yellow area in (b) and (c).
electrons.
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FIG. 7. (a) Relative difference between current densities calculated by the two FIG. 8. (a) J-V curves calculated by carrier transport simulation method | under
methods as a function of oxide thickness for n-type TOPCon solar cells with dif- current continuity condition | and current continuity condition Il with AL =10 nm
ferent oxide barrier heights (®g=2.7, 2.9, 3.1, 3.3, and 3.5 eV). (b) The relative and AL =100 um, respectively, and the relative difference between current den-
difference between current densities calculated by the two methods as a func- sities calculated under current continuity condition | and current continuity condi-
tion of electron effective mass in oxide for n-type TOPCon solar cell with differ- tion Il with AL =100 um. (b) SRH recombination rates, and (c) carrier densities
ent donor doping concentrations in the electron transport layer (Ng, calculated by carrier transport simulation method | under current continuity con-
e =1x10%, 5x10% 1x10% 5x10% 1x10% 5x10®m™). (c) Band dition | and current continuity condition Il with AL =10nm and AL =100 um,
profile of the solar cell with 600 mV voltage applied to the anode calculated by respectively. The oxide thickness is 1.5 nm, the voltage applied to the anode is
the two carrier transport simulation methods with different doping concentrations 700 mV, and the carrier mobility used in the simulation is scaled down by a
in the electron transport layer (Ng, g7, = 10% and 10%%/m?). factor of 100.

In addition, the differences in J-V curves, carrier densities, length of the quantum transport-induced carrier generation rate on
and SRH recombination rates calculated by carrier transport simu- the left side of the oxide is set to 10 and 100 #m, respectively, and
lation method I under the two current continuity conditions sepa- the length of the quantum transport-induced carrier generation
rately are also further explored with different carrier lifetimes. The rate on the right side of the tunneling layer is set to 10 nm.
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Figure 8(a) shows the J-V curves simulated using method I
under current continuity condition I or II, respectively, and relative
difference between current densities calculated under current conti-
nuity condition I or condition II with AL =100um; the carrier
mobility is scaled down by a factor of 100. The current density sim-
ulated under current continuity condition I is identical to that sim-
ulated under current continuity condition II with AL =10 nm but
slightly differs from the current density simulated under current
continuity condition II with AL =100um. The maximum differ-
ence in the current density simulated under current continuity con-
dition I and current continuity condition II with AL =100 um,
respectively, is approximately 7%.

Figure 8(b) shows the SRH recombination rates calculated by
method I with the application of the two current continuity condi-
tions for the device with 700 mV voltage applied to the anode. It
can be concluded that the main cause of the difference in current
densities simulated under current continuity condition I and
current continuity condition II with AL =100um, respectively, is
the difference in SRH recombination rates, and this is because the
difference in current densities simulated under condition I and
condition II with AL =100 um, respectively, is roughly equal to the
difference in the current density loss caused by SRH recombination
shown in Fig. 8(b), and the former is 1.11 mA/cm? and the latter is
1.02 mA/cm®.

The reason why applying current continuity condition II with
AL =100 um results in a lower SRH recombination loss is that the
distance for light-generated electrons to transport to the cathode is
shortened, which reduces the carrier accumulation in the active
layer and leads to a lower carrier density as shown in Fig. 8(c).

V. CONCLUSION

In this manuscript, carrier transport simulation methods are
proposed for devices with the coexistence of quantum transport
and diffusive transport by combining the nonequilibrium Green’s
function (NEGF) method with solving drift-diffusion transport
equation. A comprehensive study of our method and the method
combining the WKB approximation method with solving drift-
diffusion transport equation is performed to investigate their appli-
cable conditions and balance the accuracy and computational cost.
As the oxide barrier width, barrier height, and electron effective
mass increase or the doping concentration in the electron transport
layer decreases to the extent that the blocking effect of the oxide
barrier on light-generated electrons cannot be ignored, method I is
more accurate because the transmission coefficient near the con-
duction band edge calculated by WKB is overestimated; otherwise,
method II is more suitable because its low computational cost
without loss of accuracy. In addition, the differences in current
densities, carrier densities, and SRH recombination rates simulated
with the application of the two current continuity conditions sepa-
rately with different carrier lifetimes are also further explored and
analyzed.
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