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The ultimate target for silicon photonics is to merge together all electronic and photonic functions on
the same CMOS platform. This requires efficient light emitters and absorbers directly integrated on sil-
icon chips, the lack of which presently forms one of the major bottlenecks for further progress. In this
work, a possible solution is presented where diffusion-driven charge transport (DDCT), lateral doping of
silicon, and //I-V nanowire growth are combined to create fully integrated near-surface light emitters and
absorbers controlled solely by biasing the underlying silicon wafer. According to the three-dimensional
full-device simulations carried out in this paper, DDCT enables high efficiencies for both light emis-
sion and photodiode operation in technically feasible silicon-integrated free-standing nanowire structures.
Moreover, the results indicate that DDCT is especially well suited for the commonly used 1.55 um wave-
length due to the optimal band-gap difference with silicon, which promotes both a high injection efficiency

and low voltage losses.
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I. INTRODUCTION

Silicon is the dominant material in the modern
microelectronics industry, with its supremacy primar-
ily enabled by the field-effect transistor and the related
complementary-metal-oxide-semiconductor (CMOS) tech-
nology [1]. This position has later spawned the rapidly
expanding field of silicon photonics, with the grand aim
of seamless integration of all electronic and photonic func-
tions on the same CMOS platform [2]. Most of the basic
building blocks toward this goal, such as optical modula-
tors, beam splitters, resonators, and (de)multiplexers, are
already widely available but one of the greatest remaining
challenges is to integrate a light source on a silicon chip
in an efficient and industrially viable way [2,3]. In partic-
ular, light sources based on direct heteroepitaxy on silicon
would be beneficial for several reasons, including easier
integration with existing silicon devices and the possibility
of sharing the same electrical contacting.

Instead of direct heteroepitaxy, currently the established
way of light generation in silicon photonics is through so-
called hybrid-laser integration, i.c., separately fabricating
III-V (such as InP) lasers and bonding them on the silicon
substrate [2]. Substantial research efforts to realize epitax-
ially integrated light emitters and absorbers on silicon are,
nevertheless, under way, either by enhancing light emis-
sion in silicon itself or by integrating other more efficient
light-emitting materials [4—18]. However, considering the
two perhaps most widely studied approaches, light emit-
ters based on silicon or germanium suffer from more or
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less indirect band gaps, while those based on ///-V mate-
rials are typically extremely difficult to grow on silicon in
planar form. These challenges in turn make light emitters
based on //[-V nanowires (NWs) particularly attractive for
heteroepitaxial silicon integration.

1II-V' NWs have been studied for more than two decades
and they do not require lattice matching with the sub-
strate to achieve good crystal quality. Therefore, they are
widely regarded as one of the most promising alternatives
for direct integration on silicon [19]. Moreover, controlled
NW growth on silicon is continuously becoming more
feasible owing to long-standing research efforts [20-22].
Numerous works report light emission from NW struc-
tures on silicon but most of the demonstrations so far are
done with optical pumping [23-31]. Electrical injection
of NWs would be the necessary next step to enable their
full integration with silicon. However, electrical injection
remains challenging using the conventional method, where
the NWs (1) require p-n junctions and (2) need to be con-
tacted from the top using somewhat complicated methods
and materials prone to absorbing part of the emitted light
[32,33].

Figure 1 illustrates a potential solution to the prob-
lem of electrical injection of NWs on silicon. In the
proposed approach, the NWs are electrically injected with-
out top contacts by taking advantage of diffusion-driven
charge transport (DDCT) [34—39] and lateral doping of sil-
icon. DDCT has been previously reported in GaAs [36]
and GaN [37-39] light emitters, theoretically as well as
experimentally. The simulations of this paper are carried
out to show that combined with the remarkable diffusion
lengths in silicon and existing lateral-doping techniques,
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it offers a path toward fully silicon-integrated electrically
injected free-standing NW light emitters and absorbers.
Two types of structures are studied here: Fig. 1(a) shows
the lateral-injection (LI) structure, where the NW is
placed on the same side as the doped areas and con-
tacts, enabling CMOS-compatible device fabrication on
practically any commonly used silicon-substrate type, e.g.,
silicon-on-insulator substrates or weakly doped substrates.
Figure 1(b) shows the alternative through-film-injection
(TFI) structure for thin films or even thicker bulk silicon
wafers, which would allow realization of the lateral doping
and nanostructure growth or deposition on different sides
of the substrate. This could, in particular, enable extension
of the wavelength range of large-area silicon detectors.

In this paper, the standard semiconductor charge-
transport equations are solved numerically using a 3D
simulation model illustrated in Fig. 1(c) to show that
DDCT enables negligible voltage losses and practically
unity injection efficiencies in the LI and TFI structures
of Fig. 1 with technically achievable device dimensions.
For light emission, the results indicate a sweet spot for
the NW band gap at around 0.73-0.8 eV, with which
both the injection efficiency and the voltage efficiency
are high. The corresponding wavelength range is roughly
1.55-1.70 pm, including some of the widely used wave-
lengths in optical communication. The results also show
that DDCT enables efficient photodiode operation, with
the photocarrier-collection efficiency generally increasing
as the NW band gap increases toward 0.8 eV and above.
Also, according to the results, both LED and photodiode
operation can be made very efficient in TFI structures with
a thin silicon wafer and relatively efficient even with a
300-pum-thick wafer, due to the large diffusion lengths in
silicon. Finally, population inversion can also be reached

(a) (b)
(Ga,InAs/ \Tz/v
(Ga,As)Sb/ y X
(In,As)P

nanowires

- Structure width in x direction: 6 um

FIG. 1.

| ,
~“NW diameter: 200 nm
- Distance between dopings: 3 um —

in the NWs with small loss currents and voltage losses,
suggesting that laser operation could also be feasible in
silicon-based structures using DDCT.

II. THEORY AND METHODS

The full-device operation of the structures in Fig. 1 is
studied with the drift-diffusion (DD) model, which relates
the electrostatic potential ¢ and the quasi-Fermi poten-
tials ¢, and ¢, to the electron and hole densities » and
p (calculated from Fermi-Dirac statistics) and the total
net recombination and generation-rate densities R and G
as (for background information and physical justification,
see, e.g., Ref. [40])

V-(—eVp)=q@p—n+Ns—N,),
V-dy =V (—quanVey) = qR—G), (1)
V-3, =V (=qupVey) = q(G—R),

where ¢ is the elementary charge, N; and N, are the ionized
donor and acceptor densities, J, and J, are the electron
and hole current density vectors, and w, and p, are the
electron and hole mobilities. The DD model accounts for
both drift and diffusion currents with self-consistent elec-
trostatic fields and the total net recombination rate density
R is expressed as a sum of the radiative and nonradia-
tive processes, all of which are evaluated from the carrier
densities as described in our previous works (see, e.g.,
Ref. [41]). The generation rate G is otherwise zero, but in
Sec. III B it is set to a fixed value in the NW to study the
carrier-collection efficiencies of the structures, with more
details given at the beginning of Sec. III B.

For heterointerfaces, the relative valence-band posi-
tions reported by Van de Walle in Ref. [42] are used,

log,, (np-n?)

. 45
44

43

42

41

40

(a) Lateral-injection (LI) structures applicable for, e.g., silicon-on-insulator substrates or for moderately »- or p-doped sub-

strates. (b) Through-film-injection (TFI) structures to be realized on thin films. (c) A snapshot of the three-dimensional (3D) simulation
model of the LI structure with a Gags3InAs NW. The color map in (c) shows a base-10 logarithm of the simulated np — n? (n, p, and n;
being the electron density, hole density, and intrinsic carrier density, respectively) at an applied bias of 0.6 V. Position scaling factors
are used in the simulation model and therefore the relative distances in (c) do not accurately reflect the true geometry. Also, the color
bar in (c) has been cut from its lower end to enable a more informative visualization. Geometrical and other details are given in the
beginning of Sec. III. The dashed arrow in (a) shows the plotting path for band diagrams in Appendix B, penetrating roughly 1 um
into the NW.
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calculated using the model-solid theory. These are com-
plemented with the experimentally determined band-gap
energies and bowing parameters from Ref. [43]. In the
present work, carrier transport over heterointerfaces is
modeled without separately accounting for possible oxide
layers, poorly conducting initial NW growth segments, or
interface recombination centers at the silicon-NW inter-
face. While such effects may, depending on their strength,
present technical challenges for the efficient operation of
these devices, it is also expected that they can be alleviated
with careful surface-preparation and growth-optimization
steps that are constantly being developed in the field [22].
A more detailed study of interface effects is therefore left
out of the present study. Here, the DD model is solved
on the 3D domains illustrated in Fig. 1, containing one
NW and utilizing symmetries and zero-current boundary
conditions at free surfaces. The equation system is solved
numerically using an in-house simulation tool that utilizes
the finite-element solvers provided by the equation-based
user interface of COMSOL MULTIPHYSICS. Corresponding
models are widely used to simulate electron-hole dynam-
ics in different kinds of semiconductor light emitters and
absorbers [44—47].

Before moving on to the results, the basic operating prin-
ciple of the devices is shortly qualitatively summarized
with the help of Fig. 1(c). When the structures shown in
Fig. 1 are used as light emitters, both electrons and holes
are injected into the free-standing NW from its bottom side
due to the following chain of events. When a forward bias
considerably smaller than E, 5;/q (E, s; being the band gap
of silicon) is applied, both recombination and leakage in
the laterally doped silicon p-i-n junction are weak. Nev-
ertheless, the quasi-Fermi-level separation associated with
the applied bias creates a supply of extra electrons and
holes all over the intrinsic silicon region owing to carrier
diffusion, as illustrated by the quantity np — n? in Fig. 1(c)
(n; being the intrinsic carrier density). Furthermore, the
smaller band gap of the NW attracts electrons and holes
that are located nearby and consequently also np — n?
is orders of magnitude larger in the NW. As nearby-
located electrons and holes are thus being injected into the
NW, diffusion in silicon simultaneously seeks to maintain
homogeneous electron-hole densities everywhere, thereby
also spontaneously ensuring a constant supply of electrons
and holes next to the NW. Due to the small applied bias,
this mechanism and the corresponding recombination rate
in the NW can dwarf all other current-generating mech-
anisms in the device, if the NW lies within the diffusion
length from both doped regions. This is confirmed in more
detail with the full device simulations to be discussed next.

ITI. RESULTS AND DISCUSSION

Electroluminescence and photodetection are studied in
the structures illustrated in Fig. 1 with the NW band gaps

0.62 eV, 0.73 eV, 0.80 eV, and 0.95 eV, corresponding to
different wavelengths of interest for photonic applications:
2.0 um, 1.70 pum, 1.55 um, and 1.31 pum, respectively.
Results are shown here only for (Ga,In)As NWs [23], but
in order to tentatively study whether the trends also hold
for differing band offsets and other parameters of the NW,
some of the calculations are repeated for (In,As)P [24]
and (Ga,As)Sb [48]. The material parameters used in the
simulations are listed in Appendix A. In the present sim-
ulations, perfectly passivated NW surfaces are assumed,
corresponding to zero surface recombination. While sur-
face recombination is generally an important issue in NW
devices, the proposed device design is expected to provide
surface passivation possibilities that are at least equally
good as those of conventional top-contacted NW light
emitters and absorbers. In addition, the presence of surface
recombination would only add one extra recombination
channel for carriers diffusing into the NW. Therefore, here,
nonradiative recombination is calculated as a sum of bulk
Shockley-Read-Hall (SRH) and Auger recombination and
the study of the additional effects of different surface
recombination velocities is left for future work.

The distance between the laterally doped regions is
3 um in the x direction in all the calculations and the circu-
lar NW with a diameter of 200 nm is placed in the center
of the undoped region (either on the same side or on the
other side of the film). The laterally doped regions are
1.5 um wide in the x direction in the simulation domain,
which would correspond to a total width of 3 um if the
structures were repeated in the x direction. The contacts
are 500 nm wide, which would similarly correspond to
1-um-wide contact pads in the repeated structure. The
size of the simulation domain in the y direction is cho-
sen such that it would correspond to a distance of 1 um
between the center points of adjacent NWs. The doping
pools are 1 um deep in the z direction in all the struc-
tures. Guided by preliminary simulations on how doping
densities affect the overall performance, the ionized donor
and acceptor densities are set to 10! cm™ to suppress
minority carrier leakage but otherwise the doping profiles
are unoptimized. The LI structure is 10 wm thick in the z
direction and the TFI structures are 1, 10, 100, or 300 um
thick, denoted, respectively, as TFI-1, TFI-10, TFI-100,
and TFI-300.

The results are organized as follows. First, in Sec. 11T A,
electroluminescence from 2.5-pum-long uniform NWs is
investigated both in the LI and TFI configurations, focus-
ing in particular on the injection efficiency and voltage
losses. Section III B focuses on photodiode operation by
including a constant generation term in the same NWs and
studying the photocarrier-collection efficiency. Then, in
Sec. III C, electrical pumping of short NWs is explored to
find out whether population inversion can be reached with-
out excessive loss currents or voltage drops to motivate
more detailed studies on lasing through DDCT.
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A. LED operation with long uniform NWs

Figure 2(a) shows the current-voltage characteristics of
the LI structures with 2.5-um-long (In,Ga)As NWs hav-
ing different In compositions and therefore different band
gaps. The total current is shown per NW, with the idea
that these, by themselves, small currents can be multi-
plied by the number of NWs, if a typical NW array is
used instead of a single NW. In Fig. 2(a), the sample with
the smallest NW band gap generally exhibits the largest
current at low voltages. Moreover, the lower the applied
bias, the further apart from each other are the curves of the
different samples. This already indicates that bipolar cur-
rent created by recombination in the NW is the primary
current-generating mechanism at low voltages, instead of
the competing silicon-diode current. At higher voltages,
resistive losses and current over the silicon p-n junction
start to dominate the current-voltage behavior, causing the
curves in Fig. 2(a) to merge closer to each other.

For additional insight, Fig. 2(b) shows the average
quasi-Fermi-level (QFL) separation in the NW as a func-
tion of the applied bias. For comparison, Fig. 2(b) also
shows the band gaps of the samples (horizontal dot-
ted lines) and the line for which the QFL separation
would be equal to the applied bias (dotted line with unity
slope). Comparing with Fig. 2(a), the NWs with £, =
0.62—0.80 eV become degenerate at a current of roughly
10 pA, the implications of which are analyzed in more

o
EN
T

102,

E,=0.62eV, A=2.0um
== —E,=0.73eV,A=170 um 3
_____ E,= 0.80 eV, A=1.55 ym

.......... E =0.95eV, \=1.31 um

Current per NW (uA) @

g
I

_
(=2
-

E,=0.62eV,A=2.0um

- - —Eg= 0.73 eV, A=1.70 um
_____ E,=080eV, A= 1.55 ym 4
........... E,=0.95eV, A=1.31,m

QFL separation (eV)

0.4 0.6 0.8 1 1.2 1.4
Applied bias (V)

FIG. 2. The (a) current-voltage characteristics and (b) average
quasi-Fermi-level (QFL) separation in the NW as a function of
the applied bias for the (Ga,In)As LI structures. In (b), the hor-
izontal dotted lines mark the band-gap energies of the different
samples and the diagonal dotted line indicates where the QFL
separation would be equal to the applied bias, corresponding to
zero voltage losses.

detail in Sec. III C. At small applied biases, on the other
hand, all the samples except the one with £, = 0.62 eV
(A = 2.0 um) have QFL separations roughly equal to the
applied bias, suggesting negligible voltage losses despite
the potential barrier between the doped regions and the
NW. The worse QFL performance of £, = 0.62 eV as pre-
dicted by the simulations correspondingly arises due to the
large potential barriers caused by the large band discon-
tinuity between the silicon and the NW. This causes the
QFL separation in the NW with E, = 0.62 eV to deviate
from the applied bias throughout the whole voltage range
shown in Fig. 2(b). More details on this effect are given in
Appendix B, with the help of band diagrams.

Focusing more on the potential efficiency of the LI
structures as light emitters, Fig. 3(a) shows the injection
efficiency (the recombination current in the NW, including
radiative and nonradiative recombination, divided by the
total current) of the (Ga,In)As LI structures as a function
of the current for the different band gaps. Here, all the sam-
ples except the one with the largest band gap £, = 0.95eV
(A = 1.31 um) show essentially unity injection efficiencies

(a)1____________‘_ ]
08 1 £ -o0620ev, 2=20m 1
~ 06 ===E=073eV, 1=1.70um
Z | e E,=0.80eV, A=1.55um
0.4 [ eoeeeeeens E,=095eV, 1=1.31um
0.2 [ ————————
R s
(b)
0.8 )
w 0.6 )
a — Eg=0.62 eV, 1=2.0um
041 - - —E =073eV, 1=1.70 um
ool = E,=0.80eV, 2=1.55um .
.......... Eg =0.95eV, 1=1.31um
(c) : ‘ ‘ ;
T E,=062eV, 1=2.0um
. 1.2 F - . - = =E=073eV, 1=1.70 um |
% 1t '\\\\\\ ----- E,=0.80eV, 1=1.55um"
3 08 | Sigume £,=0.95€V, 4=1.31um |
S 06 r )
w L ,
o e
S g [ ————— ,
107 1072 10° 102 104
Current per NW (nA)
FIG. 3. The (a) injection efficiency, (b) internal quantum effi-

ciency, and (c) wall-plug efficiency (assuming ideal extraction)
as a function of the current per NW for the (Ga,In)As LI
structures.
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up to currents of 10 wA per NW. This indicates that recom-
bination in the low-band-gap NW acts as the dominant
charge-carrier sink due to the large electron-hole density,
even if both electrons and holes cross paths already in
the intrinsic silicon region. However, recombination and
leakage of the silicon p-n junction start to decrease the
injection efficiency at currents above 10 uA per NW, when
the NW becomes degenerate. The sample with the band
gap of 0.95 eV has a notably smaller injection efficiency
than the other samples already at small currents. Such
an abrupt change as compared to the other band gaps is
explained by the fact that the NW band gap of 0.95 eV
already requires a relatively high voltage for a given NW
recombination rate. While the applied biases required for
the smaller band gaps entail negligible loss currents in the
silicon diode as compared to the NW recombination cur-
rent, with the band gap of 0.95 eV, the required applied
bias results in remarkable loss currents in silicon. This
is essentially due to the highly nonlinear dependence of
carrier densities on the applied bias. In the case of 0.95
eV, this leads abruptly to an injection efficiency of less
than 30%.

To complement the injection efficiency, Fig. 3(b) shows
the simulated internal quantum efficiencies (IQE) of the
samples, calculated by dividing the net radiative recombi-
nation by the total net recombination. The relatively long
SRH lifetimes used for the NWs (see Appendix A) result in
high IQEs here, but the absolute value of the IQE is not rel-
evant for carrier diffusion to the NWs. One can see that the
interplay of radiative and nonradiative processes causes the
maximum IQE to lie around 0.01-0.1 ¢ A in all the struc-
tures. Finally, the simulated wall-plug efficiencies (WPEs)
are shown in Fig. 3(c), calculated assuming ideal extrac-
tion as 1, = Raghw/(IV,), where R.,q is the net radiative
recombination rate integrated over the whole NW, hw is
the average recombination energy (here assumed equal to
E, for simplicity), / is the total injection current, and V,
is the applied bias. The plotting of the WPE with ideal
extraction permits analysis of the attainable performance
of the structures without accounting for their optical losses
and this provides a useful insight into the general charge-
carrier dynamics. In Fig. 3(c), we see, for example, that the
attainable WPE does not monotonously follow the NW-
band-gap value, this being due to the competing injection
and voltage efficiencies: for the sample with £, = 0.62
eV (A = 2.0 um), its QFL losses analyzed in Fig. 2(b)
reduce the attainable WPE in spite of the high injection
efficiency, while for the sample with £, = 0.95 eV (A =
1.31 pum), its poor injection efficiency, shown in Fig. 3(a),
is the culprit. Here, the trade-off between voltage losses
on the one hand and injection losses on the other means
that samples with £, = 0.73 ¢V (1.70 um) and particu-
larly £, = 0.80 eV (A = 1.55 um) have the highest WPEs
overall. WPE values over unity correspond to the ther-
mophotonic heat-capture effect, where part of the emission

energy originates from thermal energy, as explained in
more detail in Refs. [49,50].

The results up to now are calculated for LI structures,
where the NW is located close to the doped regions and
where the presently used dimensions do not provide space
for a large number of NWs. Next, to explore the attain-
able spatial extent of bipolar diffusion and the possibility
of increasing the surface area and power of the emitters,
the light-emitter operation of the TFI-1, TFI-10, TFI-100,
and TFI-300 samples is studied with substrate thicknesses
spanning from only 1 um up to 300 um. Figure 4 shows
the (a) QFL separation in the NW, (b) injection efficiency,
and (c) wall-plug efficiency (again assuming ideal extrac-
tion) of the (Ga,In)As TFI structures with £, = 0.80 eV
(1.55 pwm) with the different silicon-substrate thicknesses.
In Fig. 4(a), we can see that the TFI-1 and TFI-10 samples

(a) : :

0.8 ferersessmssmssnsnnsnnn , T L M M s
S //// ......
K g "

0.7 7
5 Band ¢
® gap >
< 0.6 S dsubs_1um 1
g.)_ ___dsubs=10'u‘m
i05* """ Aups = 100 km 4
s R dgps =300 um

0.4 L L L L L

0.5 0.7 0.9 1.1 1.3
(b) Applied pias \%

WPE (ideal extr.)

1072 100 102
Current (uA per NW)

FIG. 4. The (a) average QFL separation in the NW, (b) injec-
tion efficiency, and (c) wall-plug efficiency (assuming ideal
extraction) of the (Ga,In)As TFI-1, TFI-10, TFI-100, and TFI-
300 structures with £, = 0.80 eV. In (a), the horizontal dotted
line marks the NW-band-gap energy and the diagonal dotted line
indicates where the QFL separation would be equal to the applied
bias.
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show essentially equally good voltage operation when
taken together and even the thick TFI-100 and TFI-300
samples have voltage losses that are almost equally as
small as those of TFI-1 and TFI-10 at low applied biases.
Interestingly, the TFI-100 and TFI-300 samples do not
reach population inversion, as the thick substrates cannot
support the corresponding large current densities in the
NW.

The injection efficiency of the TFI structures is shown in
Fig. 4(b). The TFI-1 and TFI-10 samples show near-unity
injection efficiencies, whereas the injection efficiencies are
slightly smaller for the TFI-100 and TFI-300 samples,
owing to recombination in the substrate, as the substrate
is roughly 10* times larger in volume than the single NW.
One relevant detail here is that, as hinted in Sec. II, current
is not allowed to pass through the side walls of the struc-
ture and this would correspond to a large periodic structure,
with the same structure being repeated in the x and y
directions. The combined effects of Figs. 4(a) and 4(b)
are again seen in the wall-plug efficiency in Fig. 4(c).
There, the difference between the TFI-1 and TFI-10 sam-
ples is almost negligible, whereas, overall, the TFI-100
and TFI-300 samples have somewhat smaller WPEs than
the thinner samples. All in all, Fig. 4 nonetheless shows
that electrons and holes diffuse remarkably well even
through the 300-pum-thick silicon substrate, resulting in
relatively strong light emission. Note that the TFI structure
bears a strong similarity to the design of the highly effi-
cient interdigitated-back-contact (IBC) silicon solar cells
[51,52] which, however, are not heterostructure devices.

B. Photodiode operation

In this subsection, the simulations are carried out in
the photodiode (PD) mode, where electrons and holes are
generated in the NW with the purpose of being collected
by the n and p contacts, respectively. To focus on elec-
trical effects, a constant uniform generation rate density
is imposed in the NW. Therefore, all the differences to
be observed between different samples are only due to
their electrical properties and not, for example, due to
their potentially different absorption efficiencies. It is well
known that NWs can be engineered to be extremely effi-
cient light absorbers [33]. At this stage of the research,
determining the carrier-collection efficiencies is therefore
interesting in its own right, to provide information solely
on the electrical properties of these devices when used
as light detectors. The generation rate used in this paper
would correspond to a maximum PD current density of
1 nA per NW, should the carrier-collection efficiency be
equal to unity. Assuming that the same structure would
be used both as the emitter and detector in an optical
communication link, this can be compared with currents
in the light-emitter case studied in Sec. III A. Note also
that the small photocurrent per NW by itself nonetheless

corresponds to roughly 3000 mA/cm? when divided by
the NW cross-section area, i.e., a photocurrent density
corresponding to the intensity of well over ten Suns.

Figure 5(a) shows the current-voltage characteristics of
the (Ga,In)As LI structures, including all the different band
gaps, calculated with the uniform generation rate in the
NW. Note that with the generation rate used here, the IQE
of the photodiode operation can be obtained by dividing
the current by 1 nA per NW. In this paper, this is also
referred to as the carrier-collection efficiency. Figure 5(a)
shows that with the generation rate chosen here, all the
structures with £, > 0.73 eV collect more than 70% of the
carriers at small negative biases, with only the one with
E, =0.62 eV (A = 2.0 um) showing a clearly worse per-
formance. Additionally, the open-circuit voltages are large
(Voc 0f 0.65 V for £, = 0.95 eV is not visible in the figure)
with respect to the NW band gap and therefore they should
be measurable in a conventional current-voltage measure-
ment. As all the samples studied in Fig. 5(a) have a similar
silicon substrate with equal dopings and mobilities, differ-
ences in the PD efficiency as a function of the band gap
have to do only with the properties of the NW and its band
alignment with silicon. Based on studying the band dia-
grams (not shown), similar reasons can be identified for
the worse performance of £, = 0.62 eV as in the light-
emission case, i.e., larger potential barriers next to the NW
and smaller carrier densities achieved in silicon to support
carrier diffusion.

The somewhat unusual shape of the current-voltage
characteristics in Fig. 5(a) is also related to the poten-
tial barriers in the structures, which set limits on their
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FIG. 5. The current-voltage curves of (a) (Ga,In)As LI struc-
tures with different band gaps and (b) (Ga,In)As TFI structures
with E; = 0.80 eV under illumination. The uniform generation
rate used in the NW corresponds to 1 nA per NW (> 10 Suns)
with unity collection efficiency.
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carrier-collection efficiency. The fairly large generation
rates used here additionally push the limits of bipolar dif-
fusion when it is used to collect all the carriers before they
recombine. As a consequence, the increasing bias gradu-
ally worsens the balance between (1) desired photocarrier
collection over the potential barriers and (2) undesired
recombination of photocarriers in the NW, thus causing
the unusual shape of the curves. Also, according to fur-
ther simulations, differences in performance between the
different band gaps in Fig. 5(a) increase when the carrier
generation rate in the NW increases. In that case, large
potential barriers in the samples with small band gaps
result in an increasing share of the carriers generated in
the NW recombining there instead of diffusing to the con-
tacts. This could be relevant later when calculating the
photodiode operation from a full optical simulation, where
the spectral intensity of light would determine the even-
tual carrier generation rate. Calculating the generation rate
from an optical simulation would also cause it to have posi-
tion dependence inside the NW but this is expected to have
less influence on the operation owing to efficient carrier
spreading inside the NW.

Next, to explore the spatial extension of diffusion in the
photodiode mode as well, the carrier collection is studied
in the TFI structures with varying substrate thicknesses.
Figure 5(b) shows the current-voltage characteristics with
generation in the NW for the (Ga,In)As TFI structures
with £, = 0.80 eV (A = 1.55 um) with different silicon-
substrate thicknesses. In this case, the NW is exactly the
same in all the samples and therefore differences between
the samples in Fig. 5(b) are only due to differences in
the distance that carriers have to diffuse before being col-
lected by the n- and p-type regions. In Fig. 5(b), the TFI-1,
TFI-10, TFI-100, and TFI-300 samples all have a short-
circuit current of at least 0.6 nA. This corresponds to a
carrier-collection efficiency of over 60% even through the
thick substrate, and it allows us to substantially extend the
detection range of the silicon detectors. Further results cal-
culated for the TFI structures with different band gaps and
generation rates (not shown) also reinforce the trend men-
tioned for the LI structures in the previous paragraph: in
general, the larger the NW band gap, the more efficient is
the photodiode operation. This resonates well with results
for IBC solar cells, which are typically more than 100
um thick and which reportedly show high photovoltaic
efficiencies [51,52]. In silicon IBC cells, the absorbing
material is also silicon, which naturally has a larger band
gap than 0.80 eV in Fig. 5(b).

C. Population inversion with shorter NWs

If larger emission powers through laser operation are
desired, population inversion is needed in the NW in order
to make the (1 — f. — f,) factor negative and create gain
for the appropriate emission wavelengths (f. and f, are

the electron and hole Fermi-Dirac distribution functions,
respectively). In Sec. III A, for example, Fig. 2(b) already
shows that the QFL separation in the NW can exceed
its band gap, which corresponds to 1 — f. — f, becoming
negative for emission at and slightly above the band-gap
energy. However, in the rather long NWs studied in Sec
IIT A, this happens only at rather large current densities
per NW due to the relatively large total volume of the
uniform NW and the correspondingly large total recombi-
nation rate. To explore whether the diffusion-driven struc-
tures can be feasible for laser operation with reasonably
low expected threshold currents, here the operation of the
(Ga,In)As LI structures is studied such that the NW is only
100 nm long. Figure 6 repeats Fig. 2 for short NWs by
showing (a) the total current through the single-NW sam-
ple and (b) the average QFL separation in the NW as a
function of the applied bias for different band gaps of the
NW.

Essentially, Fig. 6 shows that population inversion can
be reached at modest currents in almost all the cases stud-
ied, when stimulated emission is not yet accounted for. The
current per NW corresponding to population inversion is
marked in the figure for £, = 0.80 eV (approximately 0.8
uA, corresponding to 14 A/cm? when normalized with
the full sample area), whereas for £, = 0.73 ¢V and E, =
0.62 eV, it is 0.6 nA and 0.4 uA, respectively. For E, =
0.95 eV, however, the current corresponding to population
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FIG. 6. Figure 2 repeated with short NWs: (a) the current-

voltage characteristics and (b) the average QFL separation in the
NW in the (Ga,In)As LI structure with the different band gaps,
when the NW is only 100 nm long. In (b), the horizontal dotted
lines mark the band-gap energies of the different samples and the
diagonal dotted line indicates where the QFL separation would
be equal to the applied bias.
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inversion is roughly 70 uA, due to the higher operating
voltage, which also promotes leakage currents and recom-
bination in silicon. To study laser operation, however, the
current component owing to stimulated emission would
need to be considered separately. Work remains to be done
on this topic in the future, so that stimulated emission is
also modeled with a laser-cavity structure and an appro-
priate optical model. However, Fig. 6 provides the first
indications that DDCT can even be harnessed to create
lasers on silicon, if the structure is engineered for popu-
lation inversion and stimulated emission. As an alternative
for lasing, however, nanoantenna-based light emission for
silicon photonics would not require population inversion
[53] and the DDCT-based current-injection method studied
here could also be attractive for such purposes.

IV. CONCLUSIONS

In this paper, full-device simulations of free-standing
III-V NWs on laterally doped silicon are carried out to
study their feasibility as directly integrated light emitters
and absorbers for silicon photonics. According to 3D sim-
ulations performed using standard semiconductor-device
modeling tools, diffusion-driven charge transport enables
such structures to emit light with nearly unity injection
efficiency and negligible voltage losses, as well as to oper-
ate as efficient photodiodes. The finding of the optimal
band gap around the wavelength of 1.55 um is inter-
esting for optical on-chip communication and it prompts
more detailed theoretical and experimental studies on the
topic. In particular, future studies should focus on the more
detailed design of the device and the choice of the NW
material, and to further study the possibility of developing
the concept to full optical on-chip communication links.
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APPENDIX A: PARAMETER VALUES

The parameter values used in the simulations are listed
in Table I, based on Refs. [42,43,54]. Note that £, denotes
the topmost valence-band edge in Ref. [42], where spin-
orbit splitting is already added. For undoped Si, 7, = 1, =
8 x 10™* s is used, corresponding to values reported in
Ref. [54] for high-quality silicon with a low background-
doping level.

APPENDIX B: BAND DIAGRAMS

To explore the voltage loss related to the smallest NW
band gap in Fig. 2(b), Fig. 7 shows the band diagrams of
the (In,Ga)As LI structures with (a) the small band gap
of 0.62 eV (A =2.0 um) and (b) the optimal band gap
of 0.80 eV (A = 1.55 um). The band diagrams are drawn
along the dashed path marked in Fig. 1(a) and the operating
points are marked in the figure. In Fig. 7(a), the valence-
band QFL Ef, changes much more between silicon and the
NW than in Fig. 7(b) due to the overall larger potential bar-
rier for holes in Fig. 7(a). The difference between Ef, and
the valence band edge £y in the bulk silicon region is also
marked, with 0.26 eV in Fig. 7(a) and 0.21 eV in Fig. 7(b).
The larger energy difference between Ef, and Ey in the
bulk silicon region in Fig. 7(a) and the larger potential bar-
rier right next to the NW cause its larger QFL loss. This
QFL loss is also responsible for the worse voltage perfor-
mance observed in Fig. 2(b). Such behavior can generally
be expected when the band-gap difference is large between
the NW and the laterally doped substrate and supplemen-
tal simulations also reproduce it when the NW is (In,As)P
with E, = 0.62 eV (not shown).

The material parameters used in the simulations [42,43,54]. Here, E, is the band gap, A is the corresponding wavelength

in vacuum, £, and E, are the valence- and conduction-band-edge energies, ¢ is the static permittivity, i, and i, are the electron and
hole mobilities, m, and m;, are the effective masses of the electrons and holes, 7, and 7, are the SRH lifetimes of the electrons and
holes, B is the radiative recombination coefficient, and C is the Auger recombination coefficient.

Property E, A E, E. £ M Hp m, my, T, 7, B C

Si 1.12  1.11 0 1.12  11.70 1400 450 1.084 0.81 0.4 (p-Si) 0.1 (n-Si) 0.00011 0.14
GapssInAs [0.62 2.0 038 1.00 14.18 28975 465 0.040 0.553 1.07 3.00 3.24 7.00
Gagg7InAs | 0.73 1.70 0.35 1.08 1390 25195 453 0.045 0.571 1.33 3.00 3.97 7.00
Gagps3InAs | 0.80 1.55 0.33 1.13 1377 23305 447 0.048 0.578 1.47 3.00 4.33 7.00
GapesInAs (095 131 030 1.25 13.50 19210 434 0.053 0.590 1.75 3.00 5.13 7.00
Units eV um eV eV £0 cm?/ cm? my mg s s m’/s m®/s

(Vs) (Vs) x1077 x1076 x10716  x107#
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FIG. 7. The band diagrams of the (Ga,In)As LI structures
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gaps of (a) 0.62 eV and (b) 0.80 eV. The operating points are [16]
marked in the figure.
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