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Abstract—Extremely compact nanoscale devices such as electri-
cally pumped nanolasers are difficult to operate at room tempera-
ture due to the high electrical resistance inherent to small cavities.
As a consequence, large voltages are necessary to reach the lasing
threshold, which generates heat and reduces device efficiency. The
poor heat sinking of small devices makes matters worse, dramati-
cally reducing the laser efficiency. Instead of looking for solutions
to dissipate heat from small structures more efficiently, design-
ing nanolasers to produce less heat in the first place is an impor-
tant goal. Here we propose and theoretically analyze the effect of
adding an InGaAsP tunnel junction for efficient carrier injection in
metallo-dielectric nanolasers. With our theoretical model we show
that the device resistance is reduced by a factor of ∼6.5. The ap-
plied voltage at the room temperature lasing threshold is reduced
from 3.05 to 1.35 V, a reduction of 69% in heat generation, whereas
the Q-factor and gain threshold of the cavity are not degraded.

Index Terms—Nanotechnology, semiconductor lasers, semicon-
ductor device modeling, tunnel diodes, laser thermal factors.

I. INTRODUCTION

N
ANOSCALE semiconductor lasers have attracted grow-

ing interest because their small footprints may enable

densely-packed chip-scale photonic circuits for various appli-

cations including optical interconnections, switching, sensing,

displays and efficient lighting [1]. An essential requirement for

many applications of nanolasers is electrical pumping at room

temperature.

Among the various nanolaser designs, metallo-dielectric

nanolasers are excellent candidates for optical sources in chip-

scale integrated circuits because of the mitigation of optical

coupling between adjacent devices [2], smaller footprints than

photonic crystal lasers [3], [4]; lower resistance current injection

with respect to nanowire lasers [5], and lower cavity losses than

metallic cavities [6], [7], plasmonic lasers [8] and spasers [9].

Manuscript received January 6, 2017; revised March 2, 2017; accepted March
2, 2017. This work was supported in part by the Office of Naval Research Multi
Disciplinary Research Initiative; in part by the National Science Foundation
(NNCI-SDNI, ERC CIAN); in part by the Defense Advanced Research Projects
Agency; in part by the Army Research Office; and in part by Cymer Corporation.

C.-Y. Fang is with the Materials Science and Engineering Program, Uni-
versity of California at San Diego, La Jolla, CA 92093 USA (e-mail:
c5fang@eng.ucsd.edu).

F. Vallini, A. E. Amili, J. S. T. Smalley, and Y. Fainman are with the
Department of Electrical and Computer Engineering, University of Califor-
nia at San Diego, La Jolla, CA 92093 USA (e-mail: fvallini@eng.ucsd.edu;
aelamili@eng.ucsd.edu; jsmalley@eng.ucsd.edu; fainman@ucsd.edu).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/JSTQE.2017.2679134

The main challenge in sub-wavelength lasers is to meet all the

requirements for lasing emission while reducing the physical

size of the device in all three dimensions. Indeed, shrinking

the size of the resonator gives rise to a spatial spreading of the

optical mode beyond its physical boundaries. This obviously in-

duces a dramatic increase of the optical loss and thus increases

the lasing threshold. To overcome this issue, one approach is

to wrap the active medium with a combination of a dielectric

shield and a metal layer [10]. By optimizing the thickness of the

low index shield between the metal and semiconductor, the gain

threshold of the laser can be substantially reduced. The benefit

stems from the tendency of the low-index shield to push the

electromagnetic mode towards the high-index inner core and

away from the metal walls, reducing the mode metal overlap

and hence, the Joule loss.

Because of their extreme compactness, nanolasers exhibit a

large electrical resistance. Therefore, to reach lasing threshold,

injecting current into the active region requires higher applied

voltages. The generated Joule heat is detrimental to nanolasers

and is one of the main limiting factors for room-temperature

operation. Therefore, good thermal management and an efficient

current injection scheme is necessary for nanolaser operation.

The best way to improve the current injection efficiency is

to incorporate tunnel junctions into nanolasers as done in light

emitting devices with much larger dimensions. For example,

vertical cavity surface-emitting lasers (VCSELs) have suffered

from poor current injection and spreading [11], [12], while light-

emitting diodes (LEDs) have shown lower quantum efficiency

and higher operation voltage than the theoretically predicted

values [14]. These problems result from the small mobility of

holes compared to electrons, which leads to p-contacts with high

resistance. This issue is circumvented by replacing the p-type

layers with more conductive layers. Therefore, tunnel junctions,

formed by a heavily doped PN junction that allows electrons

and holes to tunnel through the depletion region under negligi-

ble reversed bias, were introduced to replace the p-contact and

improve the performance of VCSELs [11]–[13], LEDs [14]–

[16] and, more recently, SOI-Integrated InP-based micro lasers

[18], [19]. By incorporating tunnel junctions, both contacts are

n-type materials which significantly alleviates current injection

problems.

In this work, we demonstrate how the incorporation of a tun-

nel junction into our metallo-dielectric nanolaser design im-

proves its electrical performance. We theoretically optimize

the heterostructure, optical cavity and electrical properties. The
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Fig. 1. Schematics of nanolasers (a) without and (b) with tunnel junction.
(c) Reduced band diagram of a tunnel junction with no bias and reverse bias,
and the respective IV curve. EC is the conduction band and EV is the valence
band. EF , EFP and EFN are the Fermi level, quasi-Fermi level for holes and
quasi-Fermi level for electrons, respectively.

resistance of the device is reduced by a factor of ∼6.5 compared

to a design without a tunnel junction, which is a significant im-

provement in current injection efficiency. Finally we also show

that the Joule heating is reduced by 69%.

The manuscript is organized as follows. In Section II, we

provide the details of the epitaxial heterostructure design and

illustrate how a tunnel junction can reduce the electrical re-

sistance. In Section III, we use finite element method (FEM)

simulations to show how the tunnel junction alters the qual-

ity factor, Q and threshold gain, gth , of the nanolaser. In

Section IV, we extract the results from Section III and solve

the laser rate equations to obtain the threshold carrier density.

In Section V, we perform electrical simulations to estimate the

efficiency improvement of the nanolaser with tunnel junctions.

We further discuss the implications of using tunnel junctions on

the nanolaser performance in Section VI.

II. EPITAXIAL HETEROSTRUCTURE DESIGN

The schematic of the nanolaser under consideration is shown

in Fig. 1. Fig. 1(a) corresponds to the design [20] of an electri-

cally pumped metallo-dielectric nanolaser (labeled “device-O”)

without a tunnel junction. The gain medium consists of an intrin-

sic 320-nm-thick bulk InGaAs lattice matched to InP, which was

predicted to be more suitable than InGaAsP multiple quantum

wells nanolasers in terms of reducing threshold and single mode

operation [21] Highly doped InGaAsP layers (2 × 1019 cm−3)

on the bottom and top are the electrical contacts and doped InP

layers serve as cladding layers through which the current is in-

jected into the active layer. The radius of the gain medium and

the InGaAsP contact layers is 320 nm. The 160-nm-undercut of

the InP pedestals improves the mode quality factor, as discussed

in [20]. The nanostructure is covered by an Al2O3 dielectric

layer to improve the thermal management followed by the sil-

ver layer added to improve the confinement [22]. The bottom

p-InGaAsP and p-InP layers are poor conductors limiting the

current injection efficiency. Since the mobility of holes is much

lower than electrons, a high applied voltage is needed for current

injection which tends to increase the Joule heating. The current

injection resistance can be reduced by incorporating a tunnel

junction into the nanolaser structure, as shown in Fig. 1(b). The

tunnel junction consists of a heavily doped InGaAsP PN junc-

tion with 20-nm-thick p-InGaAsP and 12-nm-thick n-InGaAsP

and it is placed below the p-InP (1 × 1018 cm−3) cladding layer.

The working principle of a tunnel junction is illustrated by a

reduced band diagram and the junction IV curve, both shown in

Fig. 1(c). The doping concentration for both p- and n-type lay-

ers is 5 × 1019 cm−3 . Such high doping concentration enables

the Fermi level under equilibrium to be above the conduction

band for n-type and below the valence band for p-type material

without any bias. Since the depletion region is now extremely

narrow, when a negligible reversed bias is applied, the Zener Ef-

fect enables a tunneling current through the junction. Therefore

it is a conductive layer under negligible reverse bias. It is worth

mentioning that in both Fig. 1(a) and (b) electrons are injected

from the top and holes from the bottom which means when the

device is under forward bias, the tunnel junction itself is under

reverse bias.

It is worth to notice the IV curve of Fig. 1(c) corresponds to

an applied voltage on the tunnel junction (not the entire device).

Therefore, when the device is under reverse bias, even though

the tunnel junction is under forward bias, the device can behaves

as an insulator.

By incorporating the tunnel junction, we can replace the

poorly conductive p-InGaAsP and p-InP (5 × 1018 cm−3) lay-

ers in Fig. 1(a) by n-InGaAsP and n-InP (5 × 1018 cm−3) layers

in Fig. 1 (b), respectively. However, heavily doped tunnel junc-

tions are lossy layers due to free carrier absorption. Indeed, the

position of the junction must be properly chosen to optimize

the nanostructure performance. The total thickness of InP lay-

ers between the InGaAs gain medium and the top of bottom

p-InGaAsP contact is 850 nm. In Fig. 1(b), we define a vari-

able “d” representing the distance between the bottom of the

gain media to the top of the tunnel junction. Below the tun-

nel junction, p-type layers are replaced by n-type ones. In the

following we investigate the influence of the tunnel junction

position upon the cavity mode, i.e. when the tunnel junction

is positioned at d = 125 nm (device-TJ-125) and d = 725 nm

(device-TJ-725) from the optical mode.

A small resistance is expected with the device-TJ-125 but at

the cost of a lower quality factor because of the mode overlap

with the tunnel junction. In contrast, device-TJ-725has a lower

overlap of the optical mode with the lossy tunnel junction layer

increasing the quality factor of the optical mode. A more detailed

analysis is addressed in the next section.

III. OPTICAL CAVITY

To calculate the quality factor and confinement factor of

the nanolasers, 3D simulations were carried out using the

commercial FEM software (COMSOL). Usually the imaginary
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Fig. 2. Calculated (a) electron and (b) hole mobilities for n- and p- doped InP
and InGaAsP, respectively, and the(c) imaginary part of their refractive index
(κ) for the different doping concentrations.

part of the refractive index (κ) is considered for metals but ne-

glected for semiconductor and dielectrics because its values are

much lower. However, the heavily doped tunnel junction is a

highly absorbing layer due to its free carrier absorption. If κ
is not considered, the simulated Q can be overestimated and

consequently the calculated gth is underestimated.

Therefore, we employ the Drude (plasma) model to determine

the loss, α, and κ, which are related by the expressions: [23]

∆α =

(

q3
λ

2

4π2c3ε0n

) [

∆Ne

m∗2
ceµe

+
∆Nh

m∗2
chµh

]

(1)

κ =
4πα

λ
(2)

where q is the electronic charge, c is the speed of light, ε0 is

the vacuum dielectric permittivity,n is the real part of the refrac-

tive index of the unperturbed material, m∗ce/h is the effective

mass of electrons/holes, µe/h is the electron/hole mobility and

∆N/eh is the electron/hole carrier density. The undoped InP

and InGaAsP are considered transparent at the bulk gain media

emission wavelength, so the free carrier absorption accounts for

the loss just in the doped absorbing layers.

In equation (1), we have also considered a carrier dependent

mobility model for electrons and holes. This model is described

in detail in [24]. Fig. 2(a) and (b) show the electron and hole

carrier density dependent mobility. It can be seen that the carrier

mobility decreases when increasing doping concentration. Fig.

2(c) shows the calculated κ for InP and InGaAsP. The tunnel

junction doping concentration of 5 × 1019 cm−3 results in a κ
of 0.014 and 3.64 × 10−4 for the p-InGaAsP and n-InGaAsP

Fig. 3. Electric field of the lowest threshold mode, TE012 , for a nanolaser
(a) without tunnel junction (device-O), (b) with a tunnel junction at d = 725 nm
(device-TJ-725) and (c) with a tunnel junction at d = 125 nm (device-TJ-125).

layers, respectively. The mode overlap with the p-InGaAsP layer

is then expected to decrease the Q-factor of the optical mode.

We performed 3D simulations by placing the tunnel junction

beneath the gain media by d = 725 nm and d = 125 nm. Fig. 3

shows the electric field of the lowest threshold mode, TE012 , at

a resonant wavelength within the material gain bandwidth and

in the telecom C-band. The mode profile of a nanolaser without

tunnel junction (device-O) is shown in Fig. 3(a). Fig. 3(b)

and (c) are the nanolasers consisting of tunnel junctions with

d = 725 nm and d = 125 nm,respectively (device-TJ-725

and device-TJ-125). The Q-factor, resonant wavelength (λ),

confinement factor (Γ) and threshold gain (gth ) calculated as

in [18] are also presented. If the tunnel junction is placed far

enough from the gain media (device-TJ-725), shown in Fig.

3(b), the mode properties do not change significantly. In fact, Γ
(0.325) and gth (339.6 cm−1) are superior than device-O. In Fig.

3(c) the optical mode is pulled down compared with Fig. 3(a)

due to the high index InGaAsP tunnel junction. Γ drops from

0.307 to 0.287 and the mode overlap with the heavily doped

tunnel junction also increases the loss resulting in lower Q and

higher gth , which increases from 363.8 cm−1 to 878.5 cm−1 .

IV. LASER RATE EQUATIONS

To obtain the threshold carrier density we then solve the laser

rate equations, which are expressed as [25]:

dN

dt
= Rpump − Rsp − Rsur − vggP (3)

dP

dt
= ΓvggP + ΓβRsp −

ω

Q
P (4)

where N is the carrier density, P is the photon density, Rpump is

the pump rate by electronic injection, vg is the group velocity,

Rsp is the spontaneous emission rate and g is the material gain

[26] where the detail of calculation can be found in [25]. Rsur is

the surface recombination rate which is critical to high surface to

volume ratio nanoscale devices. The surface recombination ve-

locity is assumed to be 5 × 104 cm/s for InGaAs lattice matched

to InP [21], β is the spontaneous emission coupling factor and ω
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Fig. 4. (a) Carrier density and (b) output photon density evolution with the
injection pumping rate for the three designs in consideration.

is the resonance frequency, which is extracted from COMSOL

simulations in Fig. 3.

Fig. 4 shows the calculated carrier and photon density as a

function of Rpump in steady state. For nanolasers without a tun-

nel junction (device-O), the threshold carrier density is found to

be 3.5 × 1018 (cm−3), while a tunnel junction 725 nm below

the gain region (device-TJ-725) reduces the threshold carrier

density to 3.05 × 1018 (cm−3). Fig. 4(b) shows that the slope

efficiency for device-TJ-725 is higher than for device-O. How-

ever, a tunnel junction close to the gain region presents (device-

TJ-125) a very high threshold due to the lower quality factor

induced by free-carrier absorption. These results illustrate the

importance of where to place the tunnel junction. With proper

design, the threshold carrier density could be comparable or

even better than without the tunnel junction.

V. CURRENT INJECTION BEHAVIOR

To understand how tunnel junctions reduces the resistance,

threshold voltage, and current, we used the commercial software

SILVACO’s ATLAS to predict the current injection through the

heterojunction. SILVACO self-consistently solves the Poisson

equation, the Schrodinger equation, and the carrier transport

equations considering Fermi-Dirac statistics. We assumed per-

fect ohmic contacts for current injection, and the carrier density

dependent mobility model (shown in Fig. 2(a) and (b)) was also

incorporated into our simulations.

Fig. 5(a) shows the simulated IV curve. Device-TJ-725 out-

performs device-O because of the low hole mobility, which

impairs the current injection on device-O. Indeed, once a tunnel

junction is introduced, the bottom p-InGaAsP contact is replaced

by n-InGaAsP. Also, part of p-InP layer is replaced by n-InP [see

Fig. 1(b)]. Because the electron mobility is two orders of mag-

nitude larger than the hole mobility, to reach the same current,

a much lower applied voltage is needed for device-TJ-725.The

high resistance from p-type layers can be minimized; the device

resistance is 3372Ω for device-O and 519Ω for Device-TJ-725.

Therefore the tunnel junction reduces the injection current re-

sistance by ∼6.5 times.

From SILVACO, we can also extract the carrier density in

the gain region with respect to applied voltages as shown in Fig.

5(b). To predict the threshold current, we related the results from

laser rate equations to SILVACO simulations. In Fig. 4, we have

Fig. 5. (a) IV curve and (b) carrier density in the gain medium vs. applied
voltage. (c) arrier density in the gain medium vs. injection current.

solved the rate equations at steady state to obtain the threshold

carrier density for device-O (3.5 × 1018 cm−3) and device-TJ-

725 (3.05 × 1018 cm−3). In Fig. 5(b), for device-O, 3.05 V

is required to reach lasing threshold at room temperature. For

device-TJ-725, which has n-InGaAsP on both ends as contact

layers, only 1.35 V is needed to reach lasing threshold.

Fig. 5(c) shows the relation between the carrier density in the

gain region and the current. The threshold current for device-

TJ-725 is reduced by 31% compared to device-O. The two

curves are almost identical below and above the threshold carrier

density which means the reduced threshold current of device-

TJ-725 results from a lower threshold carrier density.
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TABLE I
SIMULATED LASER CHARACTERISTICS FOR THE LOWEST THRESHOLD

GAIN MODE OF DEVICES WITH DIFFERENT “d”

d (nm) Q λ (nm) Γ gt h (cm−1 ) N t h × 101 8 (cm−3 ) V t h (V)

125∗ 166 1581 0.287 878.5 X X

325 290 1551 0.306 519.6 5.9 1.65

525 389 1546 0.319 385.0 3.6 1.4

725∗ 441 1546 0.325 339.6 3.05 1.35

Device-O 412 1549 0.307 363.8 3.5 3.05

d = 125 nm is device-TJ-125; d = 725 nm is device-TJ-725;

VI. DISCUSSION

Inserting a heavily doped tunnel junction reduces the thresh-

old voltage by 55% and current by 31%, leading to 69% reduc-

tion in power consumption and Joule heating. Room temperature

nanolasers always suffer from self-heating due to the current in-

jection. We had already proposed using Al2O3 instead of SiO2

as the cladding layer for thermal management [22]. By incor-

porating a tunnel junction, thermal management can be further

improved, which is necessary to realize stable room temperature

nanolasers.

To optimize the structure, optimizing tunnel junction loca-

tion is essential. Therefore understanding how “d” in Fig. 1(b)

changes the cavity property and current injection is necessary in

our design. We summarize the laser parameters in Table I. Opti-

cal characteristics calculated from COMSOL including Q, λ, Γ
and gth are listed; threshold carrier density (Nth ) from laser rate

equations and threshold applied voltage (Vth ) from SILVACO

are also presented.

Table I shows the lossy tunnel junction position can be detri-

mental to the optical mode. The closer it is to the gain medium

(smaller d), the smaller the Q is. On the other hand, placing a

tunnel junction close to the gain region can reduce the amount of

p-type layers and reduce the device resistance. There is indeed

an inherent trade-off between the resistance and Q reduction as

d is decreased. As an example, for device with d = 325 nm,

Vth is 1.65 V which is 0.3 V higher than that with d = 725 nm,

showing that the resistance reduction does not compensate the Q

reduction. Therefore, placing a tunnel junction far enough from

the gain media is ideal to prevent optical mode overlap with

the lossy layer for our metallo-dielectric nanolasers. To be more

comprehensive, “d” can be used for optimization to find optimal

performance in terms of Joule heating and gain threshold.

Moreover, because such high doping levels can be difficult to

achieve experimentally, we have also analyzed the influence of

tunnel junction with lower doping concentrations. We consid-

ered only the optimized device-TJ-725, but with tunnel junction

doping concentrations of 5 × 1018 cm−3 , 1 × 1019 cm−3 and

2 × 1019 cm−3 . Since the tunnel junction is 725 nm below the

gain region, the mode overlap with the tunnel junction was ne-

glected. Therefore, we assume Q, Γ and gth do not change with

the doping concentration of the tunnel junction in this case. The

calculated threshold voltage are then 2.4 V, 1.75 V and 1.5 V,

reducing the Joule heating by 44%, 60% and 62% respectively.

These results show tunnel junctions are reliable even for lower

doping concentrations.

VII. CONCLUSION

In this article, we have analyzed the effect of incorporat-

ing a tunnel junction into our metallo-dielectric nanolasers. We

proposed a new epitaxial structure and conducted optical and

electrical modeling to theoretically demonstrate that electrical

resistance of the device can be reduced without sacrificing the

optical properties. By replacing the p-contact to form a PN

tunnel junction 725 nm below the gain medium, the device re-

sistance is reduced by a factor of ∼6.5. The applied threshold

voltage is reduced from 3.05 V to 1.35 V and the threshold cur-

rent by 31%, which results in a 69% reduction in Joule heating

whereas the threshold gain for devices with and without tunnel

junctions are comparable.
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