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Light-emitting diodes (LEDs) based on nanowires are expected to enable a superior alternative to

conventional LEDs due to their higher light extraction efficiency, reduced droop, and reduced

material consumption. However, efficient current injection to nanowires with conventional

current spreading approaches is challenging, because the conventional approach requires doping

the wires and using at least partly absorbing top contacts. We show that minority carrier diffusion

provides an extremely interesting possibility for current injection to undoped free-standing

nanowires that do not require top contacts. To investigate this possibility, we have simulated

current transport in selected nanowire structures where the nanowires are located close to a

separate pn homojunction. Our results suggest that with bipolar diffusion injection, injection

efficiencies exceeding 80% are feasible even for unoptimized free-standing nanowire structures at

current densities up to 100 A/cm2, with a maximum injection efficiency of approximately 95% at

0.1 A/cm2. The results suggest that the concept also extends to other near surface nanostructures

such as quantum wells coupled to surface plasmons and, under reverse operation, to photovoltaic

devices. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4813754]

Light-emitting diodes (LEDs) based on III-Nitride

(III-N) nanowires (NWs) are expected to significantly

improve light extraction, reduce the efficiency droop, and

allow tuning of the emission wavelength over the whole visi-

ble range, thereby improving some of the most important fac-

tors affecting the performance of LEDs.1–7 Similar benefits

are also expected from structures where the active region

(AR) is located very close to a metallic interface that supports

surface plasmons (SPs).8–10 Both of these concepts, however,

are connected by the challenge of efficiently enabling current

transport and spreading so that absorption by the top contacts

located very close to the AR remains sufficiently small.

Conventional electrical excitation of state-of-the-art

III-N LEDs as well as the structures listed above is predomi-

nantly based on the AR being sandwiched within a pn junc-

tion. When the LED is biased, a small electric field in the

p- and n-type regions transports majority carriers towards the

depletion region. Starting from the edge of the depletion

region, the main component of the net current is due to diffu-

sion. Consequently, typical LEDs are essentially 1D struc-

tures where diffusion transports electrons and holes to the

AR from p- and n-type regions located at opposite sides of

the AR. However, diffusion can also transport electrons over

relatively large distances beyond a multi-quantum well

(MQW) AR.11 In conventional devices this is mainly a nui-

sance, since diffusion of electrons over the MQW results in

electron leakage and decreases the device efficiency.

In this work, we analyze carrier diffusion in unconven-

tional III-N nanostructures, where the relatively long range of

diffusion can be exploited in realizing current injection

schemes that do not share the limitations of conventional

structures that have an AR sandwiched within the pn junc-

tion. Based on our analytical and numerical results, we

propose a bipolar diffusion injection concept as a current

injection method and discuss its requirements and limitations.

By solving the transport equations, we show that by using

unconventional 2D and 3D structures, electrons and holes

may be transported to the AR from the same side through dif-

fusion. This opens up, e.g., a possibility to excite light emit-

ters very close to or at the device surface and thus fabricating

free-standing undoped nanowire devices and near-surface

quantum well (QW) devices without any top contacts. The

usecases extend from LEDs directly to solar cells and lasers.

We investigate bipolar diffusion injection by numeri-

cally solving the III-N current transport equations for free-

standing nanowire emitter (NWR) structures shown in Fig. 1.

The observed phenomena, however, extend directly to near-

surface QWs and other structures where the AR is located at

the device surface outside the pn junction. To show that bipo-

lar diffusion injection works with both minority electrons and

minority holes, we compare two different variations in which

the thin bulk region immediately below the nanowires is ei-

ther p- or n-type. We refer to structures resulting from this as

n-NWR and p-NWR, respectively, where n and p refer to the

polarity of the minority carriers that need to diffuse to the

wires over a p- or n-type potential barrier.

Before going into details of the numerical models, it is

insightful to briefly discuss the current injection by consider-

ing a simplified example based on analytical approximations

of the electron diffusion current in the n-NWR structure of

Fig. 1(b). The current consists of two components, the elec-

tron leakage through the GaN homojunction and the recom-

bination current. Under a forward bias Va, the leakage

current through the plain GaN homojunction under the

p-type contact is approximated (assuming that all the

homojunction current results from the minority carrier diffu-

sion into the metal contact) by the short diode law

I ¼ qAðDn=LÞnpfexp½qVa=ðkBTÞ� � 1g. Here q is the ele-

mentary charge, A is the cross section area of the p-type

contact, Dn is the diffusion coefficient, L is the distance
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from the edge of the depletion region to the contact,

npfexp½qVa=ðkBTÞ� � 1g is the excess minority electron den-

sity at the edge of the depletion region, and np is the minority

electron density at the edge of the depletion region at zero

bias.12 The hole leakage current laterally through the n-type

region has a similar form but is negligible.

The current components resulting from the recombina-

tion in the NWs consist of equally large but opposite electron

and hole currents. The electron diffusion current from the

depletion region to the nanowires can also be approximated

by the short diode law, replacing A and L with the total

cross-section area of the wires and the distance between the

depletion region and the wire. Comparing the homojunction

and NW current components, it is seen that the NW current

can significantly exceed the leakage current if the cross-

section areas of the NWs and the contact regions are opti-

mized and if contacts are further away from the pn junction

than the NWs. Due to a large acceptor doping density next to

the NWs, diffusion of holes to the NWs is not a limiting fac-

tor in n-NWR. Note that the above reasoning is based on sev-

eral simplified arguments and is mainly meant to

demonstrate how the bipolar diffusion mechanism works. A

more detailed numerical modeling is used to calculate more

accurate estimates for the efficiencies.

To study current transport, recombination rate, and elec-

trostatic potential profiles more accurately in the NWR struc-

tures, we have simulated the 2-dimensional cross sections of

the n- and p-NWR structures shown in Fig. 1(b), using the

standard transport model based on Poisson’s equation, drift-

diffusion current equations, and continuity equations for the

carriers (see, e.g., Refs. 13–17). This model assumes that the

nanowires are large enough so that quantum effects do not

play a crucial role. The partial differential equation system is

solved numerically using finite element method (FEM), and

recombination rate is calculated from the carrier densities

with conventional formulas for Shockley-Read-Hall (SRH),

radiative, and Auger recombination.

In our numerical calculations, the ionized donor doping

density is 1024 1/m3 and the ionized acceptor doping density

is 3� 1023 1=m3. The InGaN NWs are undoped and 1 lm

wide, and they contain 23% indium, thereby emitting at

512 nm which corresponds to green light. The theoretical

polarization values of Ref. 18 have been scaled by 0.5 to

account for background ionized impurities and composition

fluctuations at the GaN/InGaN interfaces, as suggested in

Refs. 15 and 16. The model assumes that the nanowires are

uniformly strained and accounts for the resulting polarization

fields. For simplicity, we also neglect surface recombination

and trapping in the NWs since these can, at least in theory,

be eliminated by a proper surface passivation method espe-

cially in the case of III-N materials, and since they are not

expected to significantly affect the main results concerning

carrier injection into the NWs. The B parameter for net radia-

tive recombination is 4� 10�17 m3=s and it includes a pho-

ton escape probability (from the AR) of 0.8. Diffusion

coefficients are 26 cm2/s for electrons and 2 cm2/s for holes.

Assuming that recombination type in GaN is mainly SRH

with a lifetime of 10�7 s, the diffusion lengths for electrons

and holes are 16.1 lm and 4.5 lm, respectively. Other mate-

rial parameters needed in the simulations can be found in the

literature and in our earlier work.17–20

Getting an overall view of the operation of the studied

NWR structures is complicated because the 2D structure is

not well captured in conventional 1D band diagrams. For a

better overview of the operation, we first show in Fig. 2 the

band diagrams of n-NWR as surface plots under an applied

bias of Va ¼ 3:5 V, before discussing the more quantitative

1D band diagrams plotted through the center of a NW. Fig.

2(a) shows the conduction band minimum (Ec) and Fig. 2(b)

the conduction band quasi-Fermi level (EFn) as a function of

position. For better color scaling, the corresponding valence

band quantities have been shifted by an energy qVa corre-

sponding to the applied voltage of 3.5 V, so that Fig. 2(c)

shows the shifted valence band quasi-Fermi level

(EFp þ qVa) and Fig. 2(d) the shifted valence band maximum

(Ev þ qVa). Fig. 2(e) shows the recombination profile at

3.5 V on a 10-base logarithmic scale.

The main conclusions of the band diagrams of Fig. 2 are

the following: (1) Under the large applied bias of 3.5 V Ec

and EFn are very close to each other everywhere except for

the p-type layer, indicating that the electron concentration is

small only in the p-type region. The large electron concentra-

tion in the NWs results from efficient diffusion of electrons

through the p-type region from the pn junction. (2) Similarly,

Ev and EFp are close to each other everywhere except for the

n-type layer, indicating also a large concentration of holes in

the nanowires. (3) At this operating point, there are also resis-

tive losses resulting in lateral inhomogeneities in the bands,

FIG. 1. (a) Schematic illustration of the free-standing n-type (p-type) nanowire emitter structure, referred to as n-NWR (p-NWR), where n (p) refers to the po-

larity of the minority carriers diffusing to the wires through the p-type (n-type) potential barrier below the wires. (b) The 2-dimensional lateral cross section

model of the structure and dimensions as they are used in the calculations. The dashed line in (b) shows the path through which the 1D band diagrams will be

plotted. Note that the figures are not in scale.
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which are seen as a weak color gradient in the band diagram

in the x direction. (4) Fig. 2(e) highlights that due to large

electron and hole concentrations in the NWs, almost all

recombination takes place there.

To analyze the operation at and near the NWs in a more

quantitative and familiar form, Fig. 3 shows the 1-dimensional

band diagram of the n-NWR structure (a) at zero bias and

(b) at an applied bias of 3 V in the vicinity of the wires. The

diagrams are plotted along the dashed vertical line shown in

Fig. 1(b), starting in the bottom layer and ending in a nanowire.

Most importantly, the pn junction is located at 2 lm and the

NW starts at 2.1 lm in both figures. When a voltage is applied

(Fig. 3(b)), electrically excited carriers near the pn junction dif-

fuse to the NW, resulting in a large density of electrons and

holes and strong recombination. For comparison, Fig. 4 shows

the band diagram of the p-NWR structure (a) at zero bias and

(b) at an applied bias of 3 V, also plotted along the dashed line

marked in Fig. 1(b). Applying a bias (Fig. 4(b)) also results in

diffusion of carriers to the nanowires. In Figs. 3(b) and 4(b),

potential barriers near the nanowires cause transport losses

which are seen as changes in the quasi-Fermi levels. These

quasi-Fermi losses increase the voltage needed to operate the

device.

Fig. 5(a) shows the total injection current density and

the current density due to recombination in the NWs as func-

tions of the applied voltage. Current density is calculated by

dividing the injection current with the cross-section area of

the nanowires. An alternative definition for current density is

obtained by dividing the injection current with the cross-

section of the whole device. Assuming uniform distribution

of the NWs on the top surface of our device, this would

FIG. 3. Band diagram of the n-NWR structure (a) at zero bias and (b) at a

3 V bias along the dashed line in Fig. 1(b), starting from the bottom

layer and ending in a nanowire. The applied bias results in strong excitation

in the NWs.

FIG. 2. 2-dimensional illustration of the (a) conduction band edge Ec,

(b) conduction band quasi-Fermi level EFn, (c) valence band quasi-Fermi

level EFp þ qVa shifted by an energy corresponding to the applied voltage

Va ¼ 3:5 V, (d) shifted valence band edge Ev þ qVa, and (e) 10-base loga-

rithm of the recombination rate in the n-NWR structure. Small separations

between Ec and EFn and between Ev and EFp in the nanowires show that

both the electron and hole concentrations are large there. At this operating

point with a very high injection current, recombination is strongest in the

NW closest to the p-contact. At smaller voltages, the recombination distribu-

tion is more even between the NWs.

FIG. 4. Band diagram of the p-NWR structure (a) at zero bias and (b) at a

3 V bias along the dashed line in Fig. 1(b), starting from the bottom layer

and ending in a nanowire. Under forward bias conditions, the quasi-Fermi

levels in the wire (x > 2:1 lm) are located near the band edges indicating a

significant radiative recombination rate.

FIG. 5. (a) Current density (solid lines) and recombination current density

(dashed lines) vs. applied voltage in the NWR structures. Current density is

calculated by dividing the injection current with the cross-section area of the

nanowires, and recombination current is defined as the proportion of the

total injection current that results in recombination events in the nanowires.

(b) Injection efficiency of the NWR structures. Injection efficiency of the

n-NWR structure exceeds 80% for current densities below approximately

100 A/cm2, with a peak injection efficiency of approximately 95%.
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correspond to scaling the current densities of Fig. 5(a) by a

factor of 0.1. The current of the p-NWR at a given voltage is

significantly smaller than in n-NWR because of higher

quasi-Fermi losses (cf. Figs. 3(b) and 4(b)). The injection

currents and recombination currents start to deviate from

each other when Va approaches the built-in potential of the

pn junction (3.29 V). At bias voltages larger than this, the

increasing voltage mainly enhances the lateral electric field

seen in Figs. 2(a)–2(d), which does not increase diffusion

into the wires but does increase carrier leakage.

Fig. 5(b) shows the injection efficiency of the NWR

structures as a function of the bias voltage. Injection effi-

ciency is calculated by dividing the net recombination rate in

the NWs with the total injection rate. The injection efficiency

of p-NWR stays higher at large bias voltages, because

the distance for electrons to leak from the pn junction to the

p-type contact is at least 2 lm in p-NWR as compared to

300 nm in n-NWR (see Fig. 1(b)). The low injection effi-

ciency at very low currents is caused by SRH recombination

within the pn junction. However, this region is not of much

interest for device applications. The decrease of injection ef-

ficiency at high voltages in both structures is caused by the

increasing electric field and resulting carrier leakage in the

homogeneous GaN regions. The simulated maximum injec-

tion efficiency of the n-NWR (p-NWR) structure is 0.95

(0.78). Maximum injection efficiency is higher in the

n-NWR because electrons diffuse more efficiently through a

p-type region than vice versa. This results from the higher

diffusion coefficient of electrons and is also suggested by the

analytical considerations.21 It is expected that injection

efficiencies even closer to unity can also be achieved with

bipolar diffusion injection if the energy bands are carefully

engineered so that diffusion lengths, leakage currents, and

polarization-induced potential barriers are carefully taken

into account. The optimization is also expected to signifi-

cantly reduce the bias voltage needed to reach the optimal

operating currents.

In the NWR structures of Fig. 1, the thin layer below the

NWs limits the transport of majority carriers in the x direc-

tion and consequently the scalability of the device. The

effective number of emitting NWs describing the efficiency

of lateral current spreading is larger than three for currents

up to 10 A/cm2 (140 A/cm2) in the n-NWR (p-NWR) struc-

ture, revealing that hole transport in the x direction in the

p-doped layer in the n-NWR is much less efficient than elec-

tron transport in the p-NWR structure. However, the devices

of Fig. 1 can be more freely scaled in the y direction, and

scaling in the x direction is also possible by repeating the

unit shown in Fig. 1. In addition, further simulations show

that large diffusion constant of electrons allows high injec-

tion efficiencies in the n-NWR structure also when the

p-type layer is 500 nm thick, which improves hole spreading

and scalability.

Drift-diffusion model is generally expected to give reli-

able results in bulk semiconductors, and therefore our results

can be used to predict the carrier injection to nanowires. The

nanowires in our model structure are 1 lm wide and there-

fore quantum effects do not play a crucial role in the carrier

distribution and current transport. We also leave more

detailed modeling of the strain and surface effects in

nanowires to a future work but we point out that this is not

expected to significantly affect the main results presented in

this work. Given the many promising reports of light emis-

sion from NW LEDs in the literature, we expect that efficient

carrier injection to NWs also results in efficient generation

of light. Note also that the diffusion injection concept is not

limited to homogeneous NWs and it may provide very inter-

esting applications also with core-shell NWs and other near-

surface nanostructures. An interesting difference between

bipolar diffusion injection and conventional current injection

is that due to the equal electron and hole fluxes to the AR,

the current through any horizontal AR cross-section is zero.

Our results suggest that the bipolar diffusion injection

concept can be used to inject free-standing nanowire struc-

tures, but the concept extends trivially to many other struc-

tures as well. For example, in large-area LED structures that

enable smaller efficiency droop at high output powers due to

lower current and carrier densities, efficient current spread-

ing is problematic mainly due to large lateral distances

between the contacts.22,23 Bipolar diffusion injection allows

designing dense contact grids to large-area devices without

piercing the AR. For plasmonic and other near-surface QW

structures, bipolar diffusion offers a way to fabricate struc-

tures where the pn junction and related materials are separated

from the AR, so that the surface structures can be more freely

engineered. However, compared to current transport in con-

ventional LED structures, bipolar diffusion injection is more

sensitive to material layer thicknesses and dopings than the

conventional current injection mechanism and should be opti-

mized accordingly. Bipolar diffusion principles also apply to

the reverse operation, enabling photovoltaics based on surface

QWs or NWs and diffusion. Note that even though our results

focused on III-N semiconductors, bipolar diffusion is

expected to work as a current injection mechanism in similar

structures made of any other semiconductor materials as long

as the AR has a smaller direct bandgap than the bulk region.

In conclusion, we studied bipolar carrier diffusion in

light emitters based on free-standing nanowires located out-

side the pn junction and the conventional current path of

LEDs. Our results indicate that bipolar diffusion provides

very interesting possibilities for efficient current injection to

free-standing undoped nanowires as well as plasmonic and

other near-surface QW structures, which are expected to

improve light extraction and reduce drooping. The concept

also extends from LEDs to lasers and solar cells. Careful

design of the doping profiles and layer thicknesses is

expected to result in close-to-unity injection efficiencies and

advantageous device applications.
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