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1. Device and material modeling

In the main text, the circuit model and some important parameters have been simply
demonstrated. It is necessary to show some detailed deductions and expressions that are

indispensable in our model, and that is what this section is all about.
1.1 Device principle

The device schematic is shown in Fig. Sla. In the heterojunction, graphene film is coated
conformally onto a patterned substrate to form heterojunction with the underlying semiconductor
(e.g. Si, CdSe, CdTe, GaAs with band gaps of 1.0~2.5 eV). It is well known that any
semiconductor can form a Schottky junction with a certain metal if the difference between their
work functions (@g-@s) is large enough, and the carrier density of the semiconductor is
moderate. As shown in the energy band diagram (Fig. S1b), our calculations indicate that
graphene makes a Schottky junction with semiconductor, which is favorable for producing a
relatively large built-in filed Vo (@g-@s) and charge separation. A space charge region is formed
in the semiconductor near the interface. This indicates that the graphene film not only serves as a
transparent electrode for light illumination, but also an active layer for electron/hole separation
and hole transport.

Photovoltaic principle: i) light absorption by the semiconductor with appropriate band gaps
produces photogenerated carriers (electron/hole pairs); ii) photogenerated holes (h+) and
electrons (e-) are separated and accelerated by the built-in electric field (Vo); iii) the holes are
driven into the graphene film and the electrons are driven into the semiconductor, respectively

(bottom of Fig. S1a) to produce electricity.
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Figure S1 (a) Device schematic of graphene/semiconductor heterojunction. (b) Energy band
diagram of graphene/semiconductor heterojunction

1.2 Schottky junction and solar cell parameters

The relation between the current density J and the applied voltage V of an ideal Schottky
junction is given by
J=-3,+J,-(e""™-1) (S1)
where n is the diode ideal factor, Vi = kgT/e is a constant related to temperature (kg is the
Boltzmann’s constant, e is the elementary charge, and T is the temperature), Jon is the
light-generated current density, and Js is the reverse saturation current density of the diode, given
by

J =AT?exp (-Dg,/eV,) (S2)
where A E4nem:k28/ h® is the Richardson constant; @gy = &g — x is called the Schottky

barrier height, with &g and y are the graphene work function and electron affinity of the
semiconductor, respectively.
The light-generated current density is calculated using the continuity equations, which is

shown later.
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The Schottky junction solar cell efficiency can be expressed as

P i V_ 1 P’
max_ _ (\/ )max — FF oc s _ — FF ﬁph T
Ptotal Ptotal P total (S 3 )

77:

where Pmax = (V 4)max 1S the maximum electric power per unit area that the device is able to
provide; Pt IS the total energy density of the incident light; FF is the fill factor, a measure of

the “squareness” of the I-V curve, defined as

V)

Voe 1 (S4)

FF

where V. is the open-circuit voltage, s is the short-circuit current. 5y, is the photovoltaic

transition efficiency, given by

P (83)
where P’ represents the power of the light after passing through the graphene film.

In Eq. (S3), T is the transmittance of the air/graphene/semiconductor optical system, which
is divided into two parts in our calculation: (i) Tg, which is the percentage of remaining light
energy after absorption by the graphene film; (ii) 1-R (where R represents the reflectance of the
optical system), which is the percentage of the light energy actually getting into the

semiconductor considering the reflection loss of the optical system. Therefore,

T=T, {1-R) (S6)
1.3 Parasitic resistance
The series resistance R is composed of four parts
RS = RC—M + RC—MS + RG + RSub (S?)
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where Rc.me IS the contact resistance between the lead and the graphene, Rc.us is the contact
resistance between the semiconductor and the bottom electrode, and Rg and Rs,, represent the
body resistance of the graphene and the semiconductor, respectively. Regular high-doped
semiconductor maintains a negligible Rsy, (€.g., for silicon, if the doping concentration is 10*°
cm and the thickness is 0.5 mm, Rgy, is smaller than 0.10em?). Re.us can be ignored as well if
typical low-resistivity metal-Si contact such as Ti/Au or Ti/Pd/Ag is used [S1]. According to
previous study, the metal-graphene contact resistivity is independent of metal work function [S2],
applied vertical voltage, and the layer number of graphene [S3,S4]. Hence, Rc.vg iS treated as a

constant in our model. The expression of series resistance is thus simplified as

S C-MG G (88)
The parallel resistance (Rp) reflects the leakage current of the junction due to the quantum
tunnelling effect. In Ref. [S1], R, is estimated to be 4.5MQ-cm?, which, according to Fig. 1d, can
be regarded as infinity.

1.4 Photo-generated current density, J,;,

The light-generated current density, J,;, can be divided into two parts, J,, = Jar +Jari, Where
Jair and Jg; refer to the light-generated excess carrier’s diffusion, due to the concentration
gradients, and their drifting, due to the built-in electronic field near the Schottky junction,
respectively. The n-Si area is consequently divided into two regions: i) the depletion area with
constant built-in electric field, and ii) the uniform region (see Fig. S2). For simplicity, only the
variation of the carrier density along the depth (set as the x direction) of the junction is
considered, and we set the origin on the interface between graphene and semiconductor. The

width of the depletion area is denoted by x,, given by
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X,= f% (S9)
eN,

where ¢y and ¢, are vacuum permittivity and relative permittivity of the substrate, respectively, Ny

is the dopant concentration, and @y, is the built-in barrier.

Graphene Depletion Uniform n-Si
film Area Area

A\

Figure S2 Diagram of the calculation region

We solve continuity equations to determine the current density,

on o°n on OE n-n

—=D —+uE—+pun—=- 2 +G, (x

ot Do TE G TN G T Te )

op o’p ap OE p-p (310
E=Dpy+ypE&+ypp—— O+Gp(X)

OX

p
where n, p, ng, po represent electron and hole actual and equilibrium concentration, respectively;
Uns Uns Duy, Dy, T4, 75, Gu, G, are electron’s and hole’s mobility, diffusion coefficient, carrier
lifetime and carrier generation rate, respectively; E is the electric field intensity. We are now
dealing with the steady-state conditions, or on/0t = Op/0t =0. In n-type semiconductor, we
assume that » >> p, and in such cases, only the latter equation concerning minority carriers
would be considered. Regardless of any outer electric field in the uniform n-Si region, the

equation is simplified as

d’Ap, Ap,

P o +G, (X hw) =0 (S11)

p
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with Ap, = p, —pno, called excess light-generated carrier density, and the photo-carrier generation
rate G, represented as

di(xhe) e

G, (X hw) = -1, (hw) Oy P

(S12)

where 79 1s the quantum efficiency, defined as the excess carrier number generated by every
photon with a certain energy, and /(x; hw) the power density of incident light with a certain
frequency w at a certain depth x.

The incident light will be partly absorbed by silicon when passing through it, and under
first-order approximation, such attenuated incident light power density can be described as an
exponential expression, /(x; hw) = I'(hw) exp(a-x), with I’ the power density of the light with a
certain frequency at origin after transmitting through the graphene film, and o = a(hw), called
absorption coefficient or absorptance, which reflects a certain material’s capacity of absorbing
light.

The generation rate is then given by
ea |,
Gp(x;ha))=77Q(ha))h—-l (hw) (S13)
10

In our calculation, the substrate is considered with infinite thickness, thus the boundary
condition is quite simple:

{Apn =0,when x = X,

S14
Ap, =0,whenx — o (519
By solving the continuity equation using the boundary conditions, we obtain
Ap. (X hw) = el o (e —e 0T (S15)
e ho D, o — L7 '

p

where L, 1s called minority’s diffusion length, given by
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L,=/D,z (S16)

The excess minority carrier diffusion current density is proportional to the first derivation of
Apy: jair=-D) (d Ap,/dx), and at the interface between the uniform area and the depletion area,

e al!

o ho o — L

e (S17)

Jair (@) = g

The drifting current density is given, neglecting the recombination in the built-in field region,

by

Joi (Rw) =€ {

0 hiw

X i(_ d1(x;hw)
dx

jdx 8 ey (S18)
ho

Combining the diffusion and drifting current density together, we obtain

. . . el 1
Jph(h’a)) = Jair + Jani :%(1_0& 1

p

e %) (S19)

If the incident light is a color-compound beam (as in the case of solar radiation), the total
current density is then calculated by the integration of j,,(hw) through the scope of incident

photon energy,

I =], Im(1e) d(10) (520)

1.5 Band structure of N-layer graphene

A tight-binding Hamiltonian is constructed for N-layer graphene, according to B. Partoens,

et al. [S5]:
(wpHeR) (wplH[ee) (¥R H[PE) o (PR H[vE) ]
(PRIH[PE) (PRIHIWE) (¥E[H[wE) o (¥EH[¥E)
H= (wilHlee) (PERwE) (eelRlwe) o (egnpwR) | 52D
(PR HIwR) (WRH[wR) (PR HIwE) o (PR HIYE),
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In this model, only 6 interactions are considered: the interactions between nearest inplane
A-B atoms (yo), between nearest-neighbor-plane A-A (y1), B-B (y2), and A-B (ys) atoms, and

between next-nearest-neighbor-plane A-A (y4) and B-B (ys) atoms. The non-zero matrix elements

are given by
(w2 [Hl¥p)=E, -
¥ f(k, k,) ifiisodd
YAIH|YE) = 5220
< K | | k> {%f*(kx,ky) if i is even ( :
(¥ Hw) =, o

f (k, k) ifiisodd
(whH[we) =" (k) IF (S22d)
7, f(k, k) ifiiseven

(WolH[wE) =7, (S22¢)
(WeH|wE)=E, (S22)
(PR [HIwhe)=(wh H]wee) (S22¢)

f(k k) ifiisodd
(W2 |H| i) = & ( k) o (S22h)

7, T (k. k) ifiiseven
(e H[wE=) = (S22i)

The function f(ky, ky) is given by

f(k,, k,) =exp(ik,a) +2exp(-ik,a/2)cos(k a/ 2) (S23)

where a = 1.42A is the in-plane lattice constant of graphene. The values for all the tight-binding
parameters are listed below:

Table S1. Parameters used in the tight-binding model [S5]
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Parameter | Ea Eg Yo Y1 Y2 V3 Y4 Y5

Value 0 whenN=1 O when N=1 3.12 0.377 0.29 -0.120  0.0125 -0.0103

0.01 when N#1  -0.206 when N#1

The eigenvalues of the Hamiltonian in different places of k space make up the E-k relations,

and the E-k relations of mono-, bi-, and tri-layer graphene are plotted in Fig. S3.
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Figure S3 E-k relations of mono-, bi-, and tri-layer graphene. On the right are the amplified
corresponding plots near the Dirac point.

1.6 Electric properties of graphene

The carrier state density pq as a function of energy can be calculated from the dispersion relation

10
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derived above using the following equation:

2= L | ! sk |dE (S24)

E)dE= —
Py (E)d I(Zﬁ)z 272 |VkE|

constant
energy surface

where 2/(2m)” is the carrier state density in the 2-dimensional k-space. The integration should be
done within the constant energy surface.

The electron and hole density (N, and N;) are obtained by integrating the multiplication of
Fermi-Dirac distribution fe(E) = (1+exp[(E-Eg)/kT]-1), and the state sheet density of carriers in

graphene, and can be expressed as follows:

N, = [y (E) f (E)AE

(S25)
N, = [ £y (E)L- e (E))dE (526)
The sheet resistance of graphene is given by
B 1
¥ e(:ueNe +1uhNh) (527)

where 1 and uy are the mobility of electron and hole in graphene, respectively; N, and Ny are

electron and hole density, respectively

1.7 Optical properties of graphene

The optical response of graphene is described by the classic electromagnetic field theory,

and the transmittance is expressed as

T, = \/‘9:2 A(&:5)° : (S28)
& (s, +a)g +\Ea(w)/c‘

11
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where ¢, €/, &, represent the permittivity of vacuum, graphene, and the substrate, respectively;
o(w) is the conductivity of graphene; c is the light velocity; N is the layer number of graphene.
The conductivity of graphene is obtained according to Kubo formula, given by

(i?) L Ag(@+i0)
A (0+i0)  i7A (0+i07)

T (@) = (829)

Detailed discussion and deduction have been reported in Ref. [S6]

1.8 Reflectance of air/graphene/silicon system

According to Ref. [S7], the effective amplitude reflection coefficient Fi,i+1 of layered

planar system can be calculated by

2 jKiyg,,? diyg —d;

iji+1,z? diJrl_di (830)

- r..
liiva1a = LI
1+

i,i+1

+ lisgi+2 €

ri+l,i+2 e

where 7;;+1 1s the amplitude reflection coefficient of the interface between the ith and (i+1)th

layer, given by

& .k —gk
I,.TM _ Zi+lti,z i |+1,z’ for ™ mOde

i+l
gi+lki,z + gi ki+1,z

(S31)
TE lui+lki,z — K ki+1,z

ris = , for TE mode
:ui+lki,z + :ui ki+1,z

where &, u; are the relative permittivity and permeability of the ith layer, and ki, is the wave

vector component of light perpendicular to the layer interface(s) in the ith layer. The energy
reflectance is the square of the amplitude of Fijst , given by
2
R=|r] (832)

The silicon-pillar-array AR film, if any, is treated as a plane-stratified film with various

12
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equivalent refraction indices toward the direction of the thickness [S8], and the effective
refraction index of each layer is given by
n(z) =[f (A" + Q- f (2))n,, 1" (S33)

where f(z) is the geometrical fraction of silicon, and q is called the effective coefficient (in our
calculation, gq=2/3).
2. Simulation results
2.1 Comparison of calculation results to experiments

We compare our simulation results to the experiment data reported in Ref. [S1], and they are
fitted with each other very well. Fig. 1(d) has shown the J-V curve matching, and more tests have

been conducted, as concluded in Fig. S4.
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Figure S4 Simulated light-intensity (Pj,) dependent Jsc, Voc, FF, and # plots in comparison with

experiments.

13
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The sheet resistance Ry and diode ideality factor n (shown in Fig. 1(d)) is not the same as
shown in Ref. [S1], whereas our values fit the J-V curves better than those given in Ref. [S1], so
there may be some extraction error in their results.

The reverse saturation current density Js is found to deviate from ideal Schottky junction

expressions

J, = AT?e Pl (S34)

where A =4memk’ /h® is the Richardson constant. The reason is mainly because of the

deviation of either the Richardson constant or the Schottky barrier, while the relative changes of

the Schottky barrier might be more accurate. Therefore, we rewrite Js as

J, =, e 0 (S35)

where Jg Is also extracted from experiment.

2.2 The influence of some semiconductor parameters on the device performance
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Figure S5 Simulated Schottky barrier (@gg) dependent Js¢, Voc, FF, and 7.
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Figure S6 Simulated series resistance (Rs) dependent Jg, Vo, FF, and 7.
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Figure S7 Simulated parallel resistance (Rp) dependent Js, Vo, FF, and 7.
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Figure S8 Simulated Js, Vo, FF, and # along the optimal line in Fig. 3(a).

3. Parameters used in the theoretical model

Table S2. Parameters used in the theoretical model

Parameter Value Description

T (K) 300 Temperature

Vi (V) 0.026 The thermal voltage, calculated by Vi=kgT/e

n Extra_cted from The ideality factor of the Schottky junction
experiment

Extracted from

Jso (MA-cm’®) The reverse saturation current density constant

experiment
x (eV) 4.05 The electron affinity of silicon
Dg (eV) 4.7~5.1 The work function of graphene
) Ref. [S1] The internal quantum efficiency
o (cm™) Ref. [S9] The absorption coefficient of silicon
Eq (eV) 1.12 The band gap energy of silicon
p (CmM?V7's™h 480 Hole mobility of silicon
un (cm?Vis™) 1350 Electron mobility of silicon
7p (S) 5E-4 Lifetime of the minority carrier (Hole)

16
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no (cm™) 1.5E10 Intrinsic carrier concentration of silicon

Ng (cm™) 2.2E15 Doping concentration of silicon

N (cm™) 2.82E25 Equivalent concentration of conduction band of silicon
er 11.9 Relative dielectric constant of silicon

Piotal (MW/cm?) 100 Total power density of incident light

17
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4. Application: graphene/Si-pillar-array device as a light sensor.

Figure S9. Demonstration of the graphene/Si-pillar-array device as a light sensor. The solar
device is connected to a signal amplifier circuit to drive a liquid crystal display screen, which is
transparent under high voltage, and opaque under low voltage. (a) The screen is opaque when the

illumination is weak; (b) The screen becomes transparent when the illumination is strong.
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