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Recent experiments have shown that the plasmonic assisted internal photoemission
from a metal to silicon can be significantly enhanced by introducing a monolayer
of graphene between the two media. This is despite the limited absorption in a
monolayer of undoped graphene (~mra =2.3%). Here we propose a physical model
where surface plasmon polaritons enhance the absorption in a single-layer graphene
by enhancing the field along the interface. The relatively long relaxation time in
graphene allows for multiple attempts for the carrier to overcome the Schottky
barrier and penetrate into the semiconductor. Interface disorder is crucial to over-
come the momentum mismatch in the internal photoemission process. Our results
show that quantum efficiencies in the range of few tens of percent are obtain-
able under reasonable experimental assumptions. This insight may pave the way
for the implementation of compact, high efficiency silicon based detectors for the
telecom range and beyond. © 2017 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4973537]

In recent years, plasmonic enhanced silicon detectors based on internal photoemission (IPE)
across the metal-silicon Schottky barrier have been demonstrated and shown to be useful in the
detection of telecom band (1300-1600 nm)—beyond the detection capability of conventional silicon
photodiodes and photoconductors. Both guided wave and free space configurations were imple-
mented.'~'3 While such demonstrations open new opportunities for CMOS compatible nanophotonics
and nanoplasmonics, the quantum efficiency of such detectors still falls well short off the commer-
cially available InGaAs detectors. This is primarily due to the low transmission probability of electrons
traversing the metal-silicon interface, combined with fast thermalization (~10 fs) of photo-excited
hot electrons in the metal.'*

Recently, it has been shown that the insertion of a graphene monolayer in between the metal
and the semiconductor greatly enhances the internal quantum efficiency to about 7%.'> While a
large variety of photodetectors based on two dimensional materials have been demonstrated,'® most
of them are based on mechanisms which are different from the internal photoemission effect and to
date, the graphene-metal-silicon photodetector seems to be a leading candidate for CMOS compatible
internal photoemission detection in the telecom window. The observed enhancement in quantum
efficiency makes photodetectors based on internal photoemission highly relevant for a variety of
applications, e.g., chip scale optical communications. The reasons for such a significant enhancement
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are not yet fully understood, and in general the transport of hot carriers (electrons and holes) between
two-dimensional and three-dimensional materials is still an active topic of research.

In this work, we address this issue by developing a phenomenological model which explains
the physics behind graphene-silicon internal photoemission based detectors. The model not only
captures the latest findings but also provides guidelines for obtaining efficient internal photoemission
processes, in terms of surface roughness, field confinement, and momentum matching.

The structure that is considered in this paper is that of a graphene monolayer, sandwiched between
a metal and a semiconductor, as depicted in Fig. 1.

In the context of photodetectors based on internal photoemission from a metal to a semiconductor,
graphene may offer the advantage of high absorption the 2D layer provides, while at the same time
it can be placed right at the metal-semiconductor interface. This high absorption is attributed to the
direct interband transition. This is in contrast to typical metals, in which absorption is based on free
carriers, and must involve a mediator such as phonons or defects to provide momentum conservation.
As aresult, the graphene monolayer is capable of absorbing the light within a propagation length of
few tens of microns and can be considered as a significant absorption mechanism, co-existing with
the Ohmic damping in the metal. This can be shown by the following expression for the dispersion
relation of the plasmonic mode with and without (by making o~ — 0) the presence of the intermediate
graphene layer (see, e.g., Refs. 17 and 18 and references therein)

Esi P> o
2 - = =—, (1)
\/q2 — gw?/c? \/qz —eyw?lc? 18w
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where gy =1 — #pﬂwis the Drude-like dielectric function of the metal, &;; = 12 denotes the rel-

ative permittivity of silicon, w is the angular frequency, ¢ is the in-plane wave vector, and o is the
optical conductivity of graphene. Neglecting doping, this conductivity is entirely due to direct inter-
band transitions, i.e., o = €%/4i = craey. Due to the small magnitude of the fine structure constant,
a ~ 1/137, we perturbatively treat the effect of graphene on the SPP dispersion relation: to the lowest
order, we find the complex valued shift in the wavevector to be Ag oc @. In the next step we calculate

the enhanced absorption I' = Iﬁ(ég)) of the surface plasmon polariton (SPP) due to the presence of

graphene. For low frequencies, the result is given by I' = 2710;"72”, where y and w), are the damping
rate and the plasma frequency of the metal, respectively. By substituting typical values for gold at
an operation frequency of 0.8 eV (telecom), one obtains up to 20% enhancement, depending on the
specific choice of damping factor. Therefore, the relative absorption in graphene with respect to the
total absorption is given by I'/ (1 + I') and the SPP propagation length is now L = ILTO, where Ly is
the SPP propagation length in the absence of graphene. With the above estimate, about 17% of the
light is being absorbed in the graphene layer over a length of ~30 um.

It should be noted that operating closer to the surface plasmon resonance, there is even a regime
with slow light enhancement (not captured by the perturbative expansion). Another alternative for
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FIG. 1. Schematic diagram illustrating the geometry of the studied structure.



026103-3 Levy et al. APL Photonics 2, 026103 (2017)

enhancing the absorption in graphene is by patterning the metallic layer on top with subwavelength
structures, as discussed, e.g., in Ref. 19.

Since the transition in graphene is vertical, the energy of all the hot carriers is always fiw /2 above
the Dirac point (Fig. 2(a)) in clear contrast to the absorption in the metal where photo-generated
carriers have broad energy distribution. Assuming this value is above the Schottky barrier, the elec-
tron has sufficient energy and will cross the barrier provided that lateral momentum is preserved
(Fig. 2(b)). We further note that in graphene, being a 2D material, any hot carrier is at the boundary
with silicon.

In metals, the above-mentioned scenario is different for two major reasons: (a)—the plasmonic
mode decays about 10 nm into the metal and thus the probability of the hot carrier to be generated
at the boundary is finite. As a result, some of the hot carriers will experience thermalization and will
not make it to the barrier. (b)—the hot carriers have a distribution of energies. Some of the carriers
have sufficient energy to cross the barrier, while others do not.

Another important issue relates to the relaxation dynamics of hot electrons. Thermalization time
in graphene, which is determined by electron-electron scattering, is on the time scale of 100 fs, while
typical values for metals are significantly shorter, in the 10 fs range. This allows for multiple attempts
for a hot electron to be transported across the Schottky barrier into the silicon as they are “bounced”
back and forth in the atomically thin layer of graphene. This process further enhances the probability
of internal photoemission.

Before providing a more detailed analysis, let us consider the impact of having all the absorption
occurring in a monolayer. We conceptually represent the monolayer as a quantum well with a thickness
a ~3 A and assume that a photoexcited carrier is travelling back and forth in the well, with a velocity
of v=nh/mya. Therefore, the round trip time is 7, = 2a/v = 2a’m/nh =i (xh*/2ma®)~" which is
roughly 0.5 fs.

Assigning a transmission probability 7 to the transition from graphene to either silicon or metal,
the effective emission time becomes 7., = 7,+/(2T). At the same time the thermalization time of hot
carriers is 7y, ~ 100 fs (for recent ultrafast spectroscopy experiments of hot electrons in graphene see,

e.g., Ref. 20). Then, the quantum efficiency of the emission into the silicon is given by 1 = %T”;’”T —
= %TL Assuming a relatively low transmission value of 0.1%, which is a characteristic value
m+Trel 2T

of metal-semiconductor interfaces,'# one obtains a quantum efficiency in excess of 10%! This huge

enhancement is entirely due the multiple attempts for transmission. Clearly, the large absorption
in a single-layer of graphene plays a pivotal role in such an enhancement, as every photo-excited
carrier is always not further than ~3 A from the graphene-silicon interface. It should be stated that
the relatively long thermalization time of free carriers in graphene (~100 fs, as opposed to ~10 fs

Graphene
]

FIG. 2. (a) Electron energy band diagram of graphene, near the Dirac point. The horizontal dashed line is associated with
the Fermi level under weak doping conditions (not to scale). For generality, we have slightly shifted the Fermi energy level
from the Dirac point. (b) Schematic illustration of the internal photoemission process from the metal through the graphene
and to the semiconductor. Photon energy is assumed to be larger than the Schottky barrier. The black solid line represents a
hot electron that was transported to silicon through the barrier, while the red dashed line represents a hot electron that was
reflected from the barrier. The blue line denotes the conduction band level in the silicon.
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in metal), combined with the use of a waveguide configuration which allows the efficient absorp-
tion of light over relatively short propagation distance absorption, is pivotal in obtaining such high
efficiencies.

Obviously, this rough prediction depends upon the value of T which reflects the character of
atomic wavefunctions in the semiconductor and in the graphene, and also relies critically on the in-
plane momentum conservation as depicted in Fig. 3 where the projection of the cubic Brillouin zone
of Si onto the (ky, ky) plane is shown superimposed onto the hexagonal Brillouin zone of graphene,
with the principal axis rotated by an arbitrary angle which cannot be predicted during fabrication.
The key issue is that the photo-excited carriers (both holes and electrons) in graphene are located in
the vicinity of the K points of graphene. The magnitude of the lateral wavevector of these carriers is

about K =1.71 A_l, and their energy is comparable to either the top of the valence band of a p-type
silicon, located at the center of the Brillouin zone (k, ~ 0), or the bottom of the conduction band,
located at one of the six valleys along the 100 directions. Two of these valleys (pink circles) have an

in-plane wavevector (k. ~ Q) while the other four (pink ellipsoids) are located at (k. ~ 1 A_l).
Therefore, the momentum mismatch involved in the transmission of a carrier from the graphene
to the silicon is fairly large. If the photo-excited carrier is a hole going into the I" valley of Si, then

the mismatch is on the scale of dkgr ~ 1.7 AT , while for the photo-excited electrons going into the

. . . o —1

X valley of Si the mismatch is about dkgx ~0.9 A .
However, this dire situation can be relaxed if one considers the possibility of the Umklapp
process,21 where momentum conservation, shown in Fig. 3, is written as K = k., + G, where G is one

2n 27 27
a’> a’ a

of the reciprocal lattice vectors. For example, G= [ ] in silicon has an absolute value of its

projection onto the xy plane (shown in Fig. 3 as an orange arrow) of m =1.63 A_l, which is close
to the K point in graphene. As one can see from Fig. 3 with the help of the Umklapp process, the
overall mismatch between the states in graphene and silicon Ak is significantly reduced, yet it is still
not zero, especially when one considers the inevitable randomness of the relative orientation of the

FIG. 3. Brillouin zones of Si (red) and graphene (blue) in the xy-plane. Because of the violation of momentum conservation,
the hot electrons (holes) photo-generated in the vicinity of K-points of graphene (light blue circles) cannot be transferred
to the minima (maxima) of the conduction (valence) band located near X (I') points and shown as pink ellipsoids (circles).
They can, however, be transferred to the energy minimum (maximum) of the second Brillouin zone of Si-circle I'2Si via the
Umklapp process enabled by the lattice vector G. For generality, we have slightly rotated the graphene lattice with respect to
the silicon lattice. In fact, while this rotation can take any value in the range of 0°~360°, owing to the six-fold symmetry of
the hexagonal lattice, it is sufficient to describe the angle between 0° and 30°.



026103-5 Levy et al. APL Photonics 2, 026103 (2017)

lattices. However, this small momentum mismatch can be mitigated by the disorder and roughness
always present at the interface, as was observed, e.g., in the internal photoemission from the metal
to the silicon in a plasmonic waveguide Schottky photodetector.® We now discuss this scenario in
greater detail.

The coupling between graphene and silicon can be described by the Hamiltonian Hnyp,
=(Yg|H|Y¥Y,;), corresponding to the scale of few eV. This Hamiltonian has a constant value Hj
augmented by the disorder term V4 (x,y), given by Vy (x,y) = [[ F(ky, ky)e'5s*+5Y) dk,dk, which
obviously is a random function but with a well-defined power spectrum |F(ky, k))|> = |F (k||)|2

= n‘lAVge_kﬁAz, where Vg is the power of the coupling integral variations and A is the correlation
length.

According to the Fermi’s golden rule, we can now write the rate of transfer from a given state
in graphene with energy E,, above the Schottky barrier to a state in the silicon with an energy Ej;
separated by the wavevector Ak as

2
R (8k) = = F (M) 576 (Eyr = Ea (8k1)) 2

where L is the extent of the Si wavefunctions in the direction normal to the plane used for normalization
of these wavefunctions. This term will be cancelled once the integration over k, takes place in Eq. (3).
Next we need to perform the summation over all the states in the silicon having the same k|. Using
the effective mass approximation, the delta-function in Eq. (2) becomes

kR . 2m'E
(E- 5t - o2 )= bk — | T — K. 3)
2 2mr | Wk, T

And thus

o 2
21 a "2 2m*E L
R(K)= EZ/Q 2nkydky |F (K - k||)| / k. (kz N2 k2) dk; X — o

4)

where K is wavevector of the state in graphene, roughly equal to the K-point. By integrating over k,
one obtains

2r m*a 1 5 2 27rma [2m"E
R(K)=— h K2 2 /0 2m*E |F (K — k)l %|F ((Akll n o2 /0 M—x

_ V_§ m*A*  [2m*a’E e‘<Akﬁ>A2, )
Lo h2 h?

To further proceed, we should now estimate the transition rate using a reasonable parameter. The first
energy level of our fictitious quantum well is given by #2/2m*a* ~ 3 eV whereas a typical energy for
the electron in the silicon is estimated to be E = 1 eV (this value is obtained by assuming a reasonable
Schottky Barrier of 0.3 eV and using the photon energy at the wavelength of interest around 1.5 um,

corresponding to 7iw/2 =0.4eV). In this way, we obtain / 2’”},’# ~0.2.

Next, we make Vo =0.1eV and A~ 10 A, so that ’”;é\z =6.5eV~! and thereby arriving at
R(K)~2 x 10'3¢7100(8%) -1 ©)

L . . ¢ -1 . . . .
where Ak is given in units of A . The quantum efficiency can be estimated as simply the ratio
n ~ Rty /(Rty, + R' 1y, + 1), where R’ is the rate of transfer of carriers from graphene to the metal.

This rate is small because the Fermi wavevector in gold is kr ~ 1.2 A~ <K. Hence once again the
process of transfer from K states in graphene into the metal has Umklapp character. Therefore, for
10% efficiency assuming thermalization time of 100 fs, we need R ~ 10'? s~ which requires a very

reasonable momentum mismatch of about Ak =0.17 A (this corresponds, e.g., to rotation by about
9.7° between the projected Brillouin zones of graphene and silicon; see Fig. 3).

In summary, we have presented a heuristic model which provides a possible explanation for
the recently observed enhancement of internal photoemission efficiency from a metal to silicon.



026103-6 Levy et al. APL Photonics 2, 026103 (2017)

Based on our model, the photo-generated hot electrons generated at the graphene layer can have
multiple attempts of penetrating into the silicon due to the long thermalization time with respect
to the round trip time of carriers in the monolayer, and thus having higher probability of escaping
into the semiconductor and be collected as a useful photocurrent. We argue that the momentum
mismatch between graphene and silicon can be partially overcom with the aid of Umklapp processes.
This, combined with inevitable interface roughness, can provide efficiencies in excess of 10%, which
makes graphene a viable candidate for enhancing Schottky barrier sub-bandgap photodetector. As a
final note, it is interesting to observe the role of SPP in enhancing the interaction of light with graphene
to such an extent that the low absorption of graphene monolayer is still sufficient for achieving decent
photocurrents, owing to the field enhancement at the interface and the use of guided surface modes.

We deeply acknowledge Ilya Goykhman for fruitful discussions and for providing experimen-
tal data. The work was supported by the National Science Foundation (Grant No. 1507749), the
United States—Israel Binational Science Foundation (BSF), the Danish National Research Foun-
dation Center for Nanostructured Graphene, Project No. DNRF103, and the Danish International
Network Programme with Israel, Danish Agency for Science, Technology and Innovation (Grant
Nos. 1370-00124B and 4070-00158B).
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