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Carrier diffusion lengths and lifetime parameters for electron transport filmed at nanoscale semiconductor
slabs have been fitted using a 1D-model and decay data extracted from transient photoemission electron mi-
croscopy. Meanwhile a conventional photoluminescence quenching measurement needs two separate samples
with an active material between blocking and quenching layers to characterize carrier transport properties.
In this work, only one few layer mono-crystalline sample of v-InSe containing different thicknesses of active
material is used to obtain a common diffusion coefficient consistent with previously reported values for vertical

carrier diffusion in layered InSe.

1 Introduction Carrier diffusion length (Lp) is de-
fined as the average distance that carriers are able to move
through the semiconductor material before annihilated by
recombination. Lp is one of the most important prop-
erties to consider during the design of any semiconduc-
tor based device. Therefore, an accurate determination
of this parameter helps to characterize carrier transport
properties ascribed to the semiconductor material under
consideration.[1, 2]

Recently, 2D semiconductor layered heterostructures
have received considerable attention because of their
special structural anisotropy is neatly transferred into
anisotropy for the carrier transport properties. This asym-
metric transport feature could have potential to be ex-
ploited in novel applications. Besides, weak van der Waals
interactions joining the layers of these 2D materials fa-
cilitates their exfoliation allowing the stack of different
layered materials regardless of lattice mismatch, which
is an attractive feature from the point of view of device
fabrication.[3—8] 2D ~-InSe phase few layers semicon-
ductor material found application as active material for
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photodetectors.[9—12] These photodetectors have demon-
strated recently exceptional fast response speed, high pho-
toresponsivity and a remarkable broad spectral range avail-
able for detection.[13—-16] Layered semiconductors or van
der Waals solids as for example 2D ~-InSe phase, have two
channels for carrier transport, the so-called vertical trans-
port/interplanar transport between layers of material and
the horizontal/intraplanar transport. The latter is usually
found 10-1000 times faster channel for carrier transport
than interplanar transport.[17-21] Although experimen-
tal techniques accounting few layers of bulk InSe have
demonstrated a slower intraplanar diffusion.[22] Notewor-
thy,to meet the challenges of further application of 2D
heterostructures exploiting this transport anisotropy, a full
separated vertical and planar carrier transport characteriza-
tion method could be interesting for few layer 2D materials
based heterojunctions.

Ambipolar carrier and exciton transport properties
are usually assessed using time-resolved photolumines-
cence (TR-PL) measurements. Photoluminiscence quench-
ing measurements have been previously used within hy-
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brid perovskite layer semiconductors[23-28], quantum
dots[29], dyes[30] and organic bulk heterojunctions based
solar cells[31, 32] in order to determine Lp of carriers
independently if such carrier could be considered of exci-
tonic nature (as in organic bulk heterojunctions) or weakly
bound excitons almost free charge carriers (as in hybrid
perovskites). A TR-PL based carrier transport determi-
nation in semiconductor thin-films implies to compare
the different lifetime observed for carriers recombining
radiatively between two asymmetric devices. A device
consists of semiconductor layer with one side able to ex-
tract electron or hole carriers and another device with the
semiconductor layer blocked in both sides. The difference
in decay rate observed between both devices is attributed
to diffusive carrier transport in the one-side quenched de-
vice. Importantly, TR-PL captures only the decay of carrier
population recombining radiatively. Sometimes this carrier
population is not a majority carrier in the material which
usually (if not always) has larger carrier population un-
dergoing non-radiative recombination.[33] Instead, time
resolved photoemission electron microscopy (TR-PEEM)
based measurement could be able to characterize transport
for virtually “all” electron emission decays observed at
the surface of nanoscale sized samples. Remarkably, the
source of decay data is one of the most relevant differences
between both techniques also as higher space and time
resolution.

In this report, Lp parameters are extracted from ex-
perimental TR-PEEM decay data at the sub-nanosecond
scale (from 0.8 to 100 ps) for the GaAs (intrinsic)
/InSe (n-doped) heterojunction.[34] A diffusion-only non-
stationary 1D model is proposed to simulate the TR-PEEM
decay experiments and suitability of this model to extract
the vertical diffusion coefficient (D), Lp and experimen-
tal lifetime parameters (T) is discussed.

2 Theory

2.1 Preamble The InSe/GaAs heterostructures were
produced by depositing an exfoliated flake of 2D ~-InSe
onto an intrinsic GaAs wafer.[34] TR-PEEM decay data
were collected from three different thickness zones on
this InSe flake and also from free GaAs wafer. A scheme
depicting the heterojunction is shown in Figure 1.a. The
model applied in this heterojunction is one-dimensional
and explicit in diffusion transport through z-axis. The
lateral carrier diffusion transport (xy-plane) is implicitly
considered as discussed below.

The band energy levels for this type II heterojunction
(Figure 1.b) predicts a drift transport flow of photoexcited
electrons from the GaAs wafer substrate Ny G445 into the
InSe slab containing its own photoexcited electron popu-
lation Ny 1,,5.. The time dependent carrier injection rate
from GaAs into InSe starting just after the 800 nm light
pump pulse is assumed to be the same perfect injection
from GaAs to InSe independently of thickness because the
InSe flake share the same common bottom surface lying
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on the GaAs wafer. It is assumed that there is negligible
photon attenuation reaching GaAs wafer due to nanosized
thickness of the InSe slab and its low absorption coeffi-
cient at 800 nm wavelength. Once photoexcited electrons
crossed the heterojunction, it is assumed that the experi-
mental time dependent electron population decay observed
in the extrinsic n-doped InSe slab is governed by diffusion
and recombination with the minority carrier (holes).[35]
Meanwhile, the majority carrier flux (electrons) arises from
the built-in internal field, the minority carrier flux (holes)
is exclusively due to the diffusion by carrier concentra-
tion gradients and diffusion coefficient. Because, the elec-
troneutrality condition has to be satisfied for all points in
the system, it implies that the ambipolar diffusion coeffi-
cient obtained for the extrinsic InSe slab is inherently a
hole diffusion.
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Figure 1 a) GaAs/InSe type II heterojunction with three
different InSe thicknesses deposited on top of the GaAs
substrate surface. The diffusion one-dimensional model is
applied along the z-axis. The layered InSe model in the
scheme provides thicknesses at z scale from InSe crys-
talline structure.[36] b) Band energy levels for this type II
heterojunction using information from reference [34]

2.2 One-dimensional non-stationary diffusion-
only model A finite-difference time-domain and one di-
mensional diffusion-only model to simulate the TR-PEEM
decay experiments can be established using the non sta-
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tionary 1D diffusion differential equation of continuity as
follows,

on;(z,t) 0?n;(z,t)
ot 0z

where n;(z,t) (nm™!) is the spatial and time dependent
distribution of 1D carrier density in the InSe flake of j
thickness (j : thick = 25, medium = 21.6 and thin = 16
nm), z (nm) is the independent space variable axis normal
to the main plane in the slab and parallel to the c axis of
the layered InSe, D, (nm? ns™!) is the vertical (interpla-
nar) diffusion coefficient of the carriers (holes) and k; ()
(ns~1) is a time dependent natural monomolecular recom-
bination of the carriers for each InSe slab thickness follow-
ing the differential form of the unimodal Berberan-Santos
(BS) generalized decay equation. This generalized decay is
able to describe an useful parametric switchable behavior
on decays based in mono-exponential, modified stretched
exponential, compressed hyperbola or even a mixed decay
from all of them.[37]

Equation 1 needs one initial condition and two bound-
ary conditions to be integrated. A step-function initial con-
dition is established as,

=D. — kj(t)n;(z,t) ¢))

NO,G(J,AS z=0
ni(z,0) = (2
J( ) N(J,InSee(ia(Ljiz))

where Ny Gaas and No rpse are initial carrier density
in the GaAs material and InSe at ¢ = 0 just after light
pump pulse, respectively. « is the linear InSe absorption
coefficient at 800 nm wavelength parallel to the c-axis
(o« =~1800 cm~1)[18, 38]. L; (j : thick, medium, thin)
are the three thicknesses Etudied mentioned above. The

. N, —alL;
expression —%2e

density distribution in the 7 InSe slab depending on =z,
« and illuminated side of the sample. A stationary PL
measurement showed a quantum efficiency photolumines-
cence ratio for InSe/GaAs of 2.71.[34] Then, it can be
approximated that the initial relative total population of
photoexcited carriers in the InSe flake (Vg 15,5 ) after light
perturbation follows next relation,

describes the initial carrier

No,tnse =77 - No,Gaas 3)

where 7y is an empirical parameter containing informa-
tion about PL quantum efficiency and flake/wafer shape
factor.

The boundary condition in the InSe flake free side at
z = L (top side) is set as a Neumann type boundary con-
dition considering that there is a blocking layer in such

slab/vacuum interface,

on;(z,t
n] (27 ) — 0 (4)

aZ Z:Lj

On the other hand, the boundary condition in the
GaAs/InSe interface at z = 0 is set as a Robin type

boundary condition considering a time dependent carrier
injection rate from GaAs into InSe starting just after the
800 nm light pump pulse. This time dependent or dynamic
injection rate is obtained assuming perfect injection from
GaAs to InSe slab as,

on;(z,1)

I OLIEN) )
where k’(t) is obtained using eq. no. 6 and the TR-PEEM
intensity decay observed in the GaAs substrate surface free
of InSe quenching layer, see Figure 2.a.

_dNGaAS/dt

K'(t) =
( ) NGaAs

(6)

The differential algebraic system of equations obtained
from (1) under initial (2) and boundary conditions (4,5)
is solved simultaneously for all three InSe thicknesses L;
with their corresponding kinetic equation describing re-
combination and lifetime parameter k;(¢) as fitting param-
eters and sharing a common diffusion coefficient D, for
all thicknesses. D, and k;(t) are obtained in an iterative
procedure minimizing the square difference between theo-
retical decay data obtained as,

L;
Ny (t) = / 0y (2, 0)d> )

and the experimental TR-PEEM decay data from reference
[34]. Lp is obtained as,

Lp=\D1 )

where the lifetime (t;) for each thickness is calculated de-
pending of the expression defining k; ().

3 Methods The 1D model and iterative procedure
code was implemented using MATLAB and deposited in
GITHUB.[39] Experimental TR-PEEM surface data were
collected from a previous work for three different InSe
thicknesses and GaAs substrate surface.[34]

4 Results & Discussion Experimental and theoreti-
cal data points obtained using the 1D diffusion model are
shown in Figure 2(b). Fitted parameters are summarized in
Table 1. Figure 3 shows the calculated time-space carrier
concentration n(z,t) and diffusive flux Jg; ¢y distribution
for all InSe thicknesses studied using fitted parameters.

The diffusion-only model implemented in this work de-
scribes well the observed TR-PEEM surface decays for all
InSe thicknesses. Large and medium InSe layer thickness
follow a mono-exponential time independent recombina-
tion decay (k;(t) = 1/7;). However, the thinner InSe layer
indicates a relevant modified stretched exponential behav-
ior with 8 = 0.60 at longer times. Lifetimes T; are dis-
tributed on three order of magnitude from 1.87 -1073 to
4.14 -10~! ns. D, was obtained self-consistently for all
thicknesses as 2274 nm?/ns (~0.023 cm?/s). Lp is ob-
tained using eq. 8 considering the different T; for each
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Table 1 Simulation parameters™ for diffusion-only model.

InSe thickness (nm) T; (ns) Decay type RMSD! (C) D, (nm? ns™) Lp (nm)
25 (4.14 + 0.06)-107* mono-exponential 5.06-10~* 3074+ 1.3
21.6 (3.55 £ 0.09)-1072 mono-exponential 2.12:1074 2274 4+ 30 8.98 +£0.16
16 (1.87 £ 0.05)-1072  strechted exponential (8 = 0.60f)  2.01-10™* 2.06 + 0.04

*Confidence interval at 95 % for fitting parameters obtained by bootstrapping 100 random trials of experimental data.
Square root of the mean of the squares of the deviations between experimental and theoretical data in C units: RMSD

) (Nmodet,j—Newp,j)?

j=

% where g is the elemental charge constant.
# Shape-defining 3 dimensionless parameter for BS equation[37] used to switch easily between mono-exponential (3 = 1,

Vo € (0, 1)) or compressed hyperbolic (8 = 0, Vo € (0, 1)) or modified stretched exponential decay (o =1 and 8 > 0).

thickness. It is found that only the thicker InSe slab has a
Lp larger than its physical thickness sustaining the largest
surface photoemission for the longest time.

In principle, this counterintuitive effect can be ex-
plained assuming that thinner zones of InSe suffers a
higher recombination rate due to higher carrier concen-
tration. Alternatively, the thinner zones are more exposed
to intraplanar diffusion D,, than thicker zones because
the three modeled thicknesses share a common surface
lying into the GaAs wafer (see Figure 1.a). In this way, the
kinetic term in equation 1 could be capturing not only the
recombination process but including implicitly intraplanar
D, diffusion in the InSe slab.

InSe is a layered material and a large anisotropy of the
electronic properties is obtained depending of the crystal-
lographic axis considered for carrier transport. Our D, ob-
tained from fittings is equivalent to ~0.9 cm?/(V s) of car-
rier mobility using the Einstein relation at 298K. This mo-
bility agrees well with hole mobilities (minority carrier in
n-doped InSe) reported in literature for InSe interlayer mo-
bility along the c-axis.[17, 40] It validates the usefulness of
surface TR-PEEM decay data and this model to extract rel-
evant parameters characterizing vertical (interplanar) car-
rier transport.

A comparison between the only-drift model included
in ref. [34] and the only-diffusion model presented here re-
veals that there is a good agreement between the three T
fitted lifetime parameters for each InSe thickness, see Table
2. It reinforces the idea that such T; are capturing implic-
itly the large intraplanar diffusion (D, ) in the InSe lay-
ered material. There is a clear advantage using a diffusion-
only based model solving self-consistently a common ver-
tical diffusion coefficient D, parameter for all material
thicknesses because the fundamental parameter Lp can be
obtained using equation 8 for the specific shape, orienta-
tion and dimensions of the system. Furthermore, applying
diffusion-only model would avoid to estimate a common
drift velocity for all thicknesses as vt = pé = gf %
guessing scattering time (7) and to collect reduced elec-
tron effective constants parameters (m}) from literature to
apply the drift model.
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Table 2 Lifetimes fitted for different thicknesses using
drift-only and diffusion-only models

L; (nm) T; (ns)
Drift-only’  Diffusion-only*
thick  5.00-107! 4.14 1071
medium  4.36-1072 3.55-1072
thin 3.12-1073 1.87 1073

fMan et al.[34] *This work.

5 Conclusion Retrieval of the interplanar carrier dif-
fusion in van der Waals stacked structures is challenging.
In this work, a set of space and time resolved photoemis-
sion electron microscopy (TR-PEEM) surface decay data
obtained at the GaAs/InSe heterojunction were fitted us-
ing a finite-difference time-domain and vertical one dimen-
sional diffusion-only model including a dynamic carrier
injection boundary condition. The vertical diffusion coeffi-
cient D, was constrained during the global fitting to obtain
self-consistently a value independent of InSe thickness but
allowing freedom in the kinetics describing carrier recom-
bination for all different InSe thicknesses simultaneously.
The plasticity of the Berberan-Santos generalized decay
function applied in the recombination term could collect
a super/supra exponential behavior ascribed implicitly to
intraplanar diffusion D, besides the usual recombination
rate term. Diffusion length L p obtained for each thickness
indicates that only the largest InSe layer thickness has a
diffusion length larger than its physical material thickness.
Derived carrier mobility for InSe agrees well with hole mo-
bilities (minority carrier in n-doped InSe) reported in litera-
ture for InSe interlayer (vertical) mobility along the c-axis.
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unsconstrained fitting function (blue line). b) Experimen-
tal TR-PEEM surface data (o) and model data (solid line)
predicted using a diffusion-only model for thick (black),
medium (red) and thin (blue) InSe slab thicknesses.
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