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We study the electroluminescence (EL) emission of purely n-doped resonant tunneling diodes in
a wide temperature range. The paper demonstrates that the EL originates from impact ioniza-
tion and radiative recombination in the extended collector region of the tunneling device. Bistable
current-voltage response and EL are detected and their respective high and low states are tuned
under varying temperature. The inversion bistability of the EL intensity can be switched from direct
to inverted with respect to the tunneling current and the optical on/off ratio can be enhanced with
increasing temperature. One order of magnitude amplification of the optical on/off ratio can be
attained compared to the electrical one. Our observation can be explained by an interplay of mod-
erate peak-to-valley current ratios, large resonance voltages, and electron energy loss mechanisms
and thus could be applied as an alternative route towards optoelectronic applications of tunneling

devices.

PACS numbers: 78.60.F1i,72.20.Jv,72.10.Di,68.65.-k
I. INTRODUCTION

Resonant tunneling diodes (RTDs) have extraordinary
physical properties' ™ explored and controlled by the
thorough electronic structure engineering that has been
attained by modern growth and nano-fabrication tech-
niques. Although fundamentally based on the quan-
tum mechanical tunneling effect, they are devices suit-
able for room temperature applications*®, e.g. RTDs
can be found in high frequency oscillators up to the
THz regime®”, (hot electron) tunneling transistors®¥ and
logic gates'®. Such richness emerges from a low dimen-
sional and typically just a few nm thick active region
in combination with the region of negative differential
conductance. This makes RTDs suitable for integrated
circuits with reduced circuit complexity, low power con-
sumption and high-speed operation. On the other hand,
RTDs are also suitable for electro-optical uses as efficient
light detectors'’ and light emitters'?. Also, they can
serve as drivers for semiconductor laser to form a simple
optoelectronic integrated circuit (OEIC), a novel alter-
native to traditional transistor based driver circuits.'3
Usually, to make the charge carrier conductance concur
with light emission, bipolar (p-i-n) RTDs are fabricated
in which electroluminescence (EL) occurs by electron-
hole recombination due to charges injected from differ-
ently doped contact layers to the active quantum well re-
gion'?1415  However, as reinforced in this paper it is also
possible to use unipolar RTDs for this purpose, such as
purely n-doped RTDs, where e.g. impact ionization trig-
gered holes are created!S or via direct tunnelling of carri-
ers from the valence band'”. In this case, understanding

the process of light generation and its correlation with the
way the carriers are transported and scattered, becomes
a relevant topic to tackle. Yet, the nature of these effects
is scarcely investigated since externally tunable param-
eters with large impact in the system response, such as
the position of the resonant voltage, are usually lacking.
This is not the case of the RTD used for the present study
where the resonant condition can be systematically tuned
with temperature and shifted by several Volts. This al-
lows accessing a richer variety of conduction and light
emission states with contrasting behaviors.

The thermometric abilities of the RTD, object of the
present study, have been characterized in Ref. 4. There,
the device electronic structure and the transport response
were analyzed in detail. Now, in this paper, we charac-
terize its peculiar EL and discuss the interplay of the
various processes involved during light generation. Be-
ing a purely n-doped structure, we are able to show that
the optical emission originates from impact ionization
and a subsequent radiative recombination. We observe
that the RTD current and EL intensity are both bistable,
yet their respective high and low states can be either in-
verted, at higher temperatures, or tuned to direct when
the temperature is reduced. The emergence of intrinsic
bistabilities in the EL has been reported in bi-polar p-i-n
RTDs.12:15:18 Most of these studies report direct corre-
lation between the current and the EL intensity. Yet,
inverted and direct bistabilities may coexist as well, as
e.g. in triple barrier systems.'® Unlike our results, the
bistabilities reported in Ref. 19 were detected in two dif-
ferent recombination channels involving majority carri-
ers, in the case of the direct bistability, and minority
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ones, for the inverted bistability, with the contribution
of carriers that remained after the main recombination
took place in the multibarrier structure. We propose in
this paper a concise explanation for the tuning of direct
to inverted EL bistability in the same emission channel
produced by impact ionization in unipolar RTDs.
Although counterintuitive, the main effects shown here
are obtained by reinforcing undesirable RTDs properties:
enhancing the resonant voltage and lowering the peak-to-
valley current ratio. Usually for high frequency and low
power operations, the enhancement of the peak-to-valley
current ratio and the reduction of the resonance volt-
age are paramount?°. Lowering the resonance voltage,
e.g. via prewell injection and optimization of the dop-
ing and heterostructures profile, enables a reduction of
the power consumption that allows energy efficient op-
eration of RTDs. High peak-to-valley current ratios on
the other hand are required for logic operations (high
on/off ratio) as well as for high output powers of RTD
GHz oscillators.?! In contrast, we will explain the seem-
ing paradox of enhancing the on/off ratio of the lumi-
nescence with the temperature increase. The correlation
of the electronic structure, scattering processes, and ion-
ization mechanisms will be presented and discussed in
the paper starting in Section II with the description of
the device layout and the room temperature characteri-
zation of its optical response. In Section III we discuss
the temperature tuning of the light emission and Section
IV summarizes the results and draws the conclusions.

II. DEVICE LAYOUT AND ROOM
TEMPERATURE EL-EMISSION

Fig. 1(a) shows a sketch of the RTD device layout.
The RTDs are grown by molecular beam epitaxy on a
silicon n-doped (100) GaAs substrate with doping con-
centration of 3 - 10'® em™3. On top, 300 nm GaAs with
a decreasing doping concentration from 1-10'® cm ™3 to
1-10'7 cm™3 and the undoped double barrier structure
(DBS) are grown. The DBS consists of 15 nm GaAs, 3
nm AlggGag 4As, 4 nm GaAs, 3 nm AlyGag 4As, 5 nm
GaAs and 10 nm GalnNAs layers. The growth process is
finalized by a 154 nm thick GaInNAs layer with 1 - 107
ecm 2 and by an extended GaAs collector region with a
thickness of 556 nm and doping concentration 1 - 10'®
cm 3. The GalnNAs layer is grown latticed matched to
GaAs with a bandgap energy of F; = 0.95 eV which en-
ables the RTD to be operated as sensitive photo-detector
for telecommunication wavelengths??23. Additionally, it
ensures a linear tuning of the resonance voltage with
temperature over a broad temperature range*. Electron
beam lithography and dry chemical etching techniques
are used to define RTD mesas with diameters from d = 12
to 1 pm. The bottom emitter contact is formed by al-
loyed AuGe/Ni/Au and an Ti/Au ring-shaped contact is
deposited on top of the mesa.

A typical current-voltage characteristic of an RTD
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FIG. 1: (a) Sketch of the device layout with the double bar-
rier structure (green) and the GaInNAs drift region (red). On
top, an Au ring shaped contact provides the electrial contact
in combination with an optical window. (b) RTD current-
voltage characteristic at 7" = 300 K, with threshold voltages
Viuw and Viq for the up- and down-sweep direction, respec-
tively. (c) Self-consistent calculation of the conduction (CB)
and valence band (VB) profile with currents I, and Iq (see
(b)), and an identical externally applied bias voltage Vext.
(d) Injected electron energy between the up- and down sweep
direction versus the external bias.

mesa with diameter d = 5 pum, recorded at T" = 300 K,
is plotted in Fig. 1(b). The RTD is bistable with a peak
current of I, = 2.6 mA, a valley current of I, = 0.9 mA,
a peak-to-valley current ratio PV Rey, = Ip/I, = 2.9,
and threshold voltages V;, = 6.83 V for the up- and
Via = 5.86 V for the down-sweep directions, respectively.
The bistable RTD current-voltage characteristic origi-
nates from its negative differential conductance region in
combination with a series load resistance. The total load
resistance R is the sum of the extrinsic load resistance,
R, =10 Q, and additional parasitic resistances, R, with
R = R. + R,?". The value of the load resistance can be
estimated from the width of the bistable region and the
peak and valley currents with R ~ (Vou —Via)/(Ip — 1) ~
570 Q. Fig. 1(c) shows simulated self-consistent solu-
tions of the valence (VB) and conduction band (CB)
profiles associated with two tunneling conditions within
the bistable region. The currents are I, and I4, but the
externally applied bias voltage (Vi) is identical. The
internal voltage drop (Vint) however differs and, subse-
quently, the energy of injected electrons in the collector
region, F = ¢ - Vint (¢ denotes the elementary charge).
With Vipt(I) = Vext — R- 1, the energy difference between
the up- and down-sweep direction can thus be estimated
as AFE = q- [‘/int(Iu) - Vvint(Id)} =q- R(Iu - Id)a which
for the situation depicted in Fig. 1(b) is about 513 meV.
Fig. 1(d) shows the calculated injected electron energy as
a function of the external bias voltage. Within the bistable
region, the electron energy for the down-sweep direction
is enhanced compared to the up-sweep direction.
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FIG. 2: (a) EL spectra recorded in the up- and down-sweep
direction with Vexy = 6.2 V (see dots in Fig. 1(b)). (b) Op-
tical microscopy images of the RTD contact and EL signal of
the non-etched sample (left) and the collector-etched sample
(right). (c) Calculated impact ionization rate as a function
of the incident electron energy. The inset shows the energy
and momentum conservation of the inter- and intra-subband
transitions involved in the impact ionization process.

Fig. 2(a) shows two EL spectra, both recorded at
Vext = 6.2V (see Fig. 1(b)), but once for the down- and
once for the up-sweep direction with currents Iy = 1.0
mA and I, = 1.9 mA, respectively. The EL intensity
for the down-sweep direction ELq = EL(I) is signif-
icantly enhanced compared to the EL intensity for the
up-sweep direction EL, = EL(I,), although I, > I4.
Note that the energy of the EL maximum corresponds to
the energy of the GaAs band edge, E,(GaAs). Hence, to
determine the spatial origin of the EL emission, whether
from the emitter or collector regions, we compare the
sample with a RTD mesa for which most parts of the ex-
tended collector GaAs region are removed by dry chemi-
cal etching. Here, the ring-shaped top contact is used as
etching mask. A central trench with a depth of around
400 nm is etched in the RTD mesa, which leaves about
150 nm GaAs on top of the GaInNAs layer. Fig. 2(b)
shows two optical microscope images of the ring-shaped
contacts of both, the non-etched sample (left) and the
collector-etched sample (right). Then, by biasing both
RTDs in a regime when the EL occurs, i.e. Voyxe > Viy,
two distinct emission patterns of the two mesas can be
observed. An almost uniform EL emission (bright spot)
is found for the non-etched sample. In contrast for the
collector-etched sample, the EL intensity is reduced sig-
nificantly and originates only at the outer part close to
the ring shaped Au-contacts. This leads to the conclusion
that the EL mainly originates from the collector (closer
to the contact) and not from the emitter region of the
tunneling device.

In fact, the collector region as well as the whole struc-
ture is purely n-doped. Thus, the only available process
for hole generation in the valence band is the impact
ionization. By using the generalized Keldysh model, de-

scribed in Ref. 24, the hole generation probability can be
characterized by the ionization rate, calculated as?®

E_Eth)a

N (1)

II(E)=C <
where E is the electron energy, C' = 93.659 - 1010 s~!
and a = 4.743 for GaAs?*, and Ey, is the thresh-
old energy above which the ionization process is trig-
gered. By considering energy and momentum conserva-
tion during the inter- and intra-subband transitions in-
volved in the ionization processes, as illustrated in the
inset of Fig. 2(c), the value of Ey, can be obtained as
Ey = (14 2m¢/mpn) (1 4+ me/mpn) Ey, with m. and
mpp, the conduction and heavy-hole band masses, re-
spectively. The calculated ionization rate-energy depen-
dence for bulk GaAs is displayed in Fig. 2(c).

The detailed bias voltage dependence of the integrated
EL intensity (open circles) and the corresponding RTD
current (line), both recorded at T = 300 K, are plot-
ted in Fig. 3(a). For the up-sweep direction, the EL
intensity increases slightly from Vext = 5.20 to 5.84 V.
When passing the threshold voltage, Vi, = 5.84 V, a
steep jump of the EL intensity occurs and remains high
as the voltage grows. On the contrary, for the down-
sweep direction a steep drop of the EL intensity occurs by
passing the threshold voltage, Vg = 5.72 V. Thus under
these conditions, the EL emission is bistable within the
bias voltage range Viq < Vixt < Vi, but inverted with
respect to the current of the tunneling device. Hence,
the electrical off-state (low current) corresponds to an
optical on-state (high intensity) and vice-versa with the
EL emission on/off ratio, FLq/EL, = 14, exceeding the
electrical peak-to-valley current ratio, PV R, = 2.3, by
a factor of 6.

A priori, the EL emission on/off ratio seems discon-
nected from the current and the electron accumulation
densities at the emitter side of the tunneling device which
would cause a non-inverted EL signal?®. To explain this
counterintuitive EL-current response we start by calcu-
lating the impact ionization rate as a function of the elec-
tron energy. First, we assume that the energy of elec-
trons that trigger the impact ionization process in the
extended collector region, and hence create holes which
radiatively recombine and generate the detected EL sig-
nal, is £ = qVint — Ejps. Here, Viy is the internal voltage
drop the electrons undergo after leaving the DBS towards
the collector and can be related to the externally applied
bias. The energy loss term, Ej,s, accounts for differ-
ent energy loss mechanisms such as LO-phonon emission
events (see Fig. 1(c)), impact ionization processes in the
GalnNAs region, and additional parasitic voltage drops.
For polar GaAs and the high energy electrons involved
in the ionization process, the energy loss is mainly at-
tributed to LO-phonon generation (see Reference?” for a
discussion about optical and acoustic phonon contribu-
tions) with an energy loss of 36 meV per phonon emis-
sion28:29,

Fig. 3(b) displays the calculated impact ionization rate



12 T T T T T T T T T T T T
(a) 0=0._ 4100

Current (mA)
EL Intensity (arb.u.)

g E,=2.92eV

" EL
- ii@ .

5.0 5.5 6.0 5.0 5.5 6.0 6.5
External Bias (V)

'l
e-h pair creatiom rate

Calculated ionization rate I1

FIG. 3: (a) RTD current-voltage characteristic (line) and in-
tegrated EL intensity (open circle) for the up- and the down-
sweep direction. For the up-sweep direction, the EL intensity
increases significantly when passing the threshold voltage Vi,
and drops for the down-sweep direction when passing Viq.
The EL intensity is bistable with an on/off ratio of 14 and
its intensity is inverted with respect to the current within the
threshold voltages Viu and Via. (b) Calculated ionization rate,
II, as a function of the external bias for different Fj,s from 0
to 2.92 eV. (c) Calculated electron-hole pair generation rate
as a function of the external bias for different Ej,s from 0 to
2.92 eV.

II as a function of the external bias voltage for differ-
ent Fj,s. By ascribing the whole energy loss mecha-
nism to the LO-phonons emission, this would correspond
to n = 0, 40, and 80 scattering events for F;,s = 0,
1.46 and 2.92 eV, respectively. One should note however
that these values are overestimated since, as stated be-
fore, parasitic voltage drops that also contribute to Ej,s
are embedded along the RTD band profile. Yet, they
could not be accounted for accurately within the self-
consistent model which results are shown in Fig. 1(c).
One observes that the impact ionization rate is always
larger for the down-sweep direction compared to the up-
sweep direction and it shows an inverted bistability anal-
ogous to the EL emission presented in Fig. 3(a). This
can be understood as follows: within the bistable region
and for electrons arriving at the collector above the ion-
ization threshold (¢Vext — ¢RI — Ejps > FEip), the ra-
tio of the ionization rates at the down-sweep direction,
Iy = (q¢Vext — qRIq — Ejps), and up-sweep direction,
I, = I(qVext — qRI, — Elps) is given, according to Eq. 1,

Hu q‘/ext - (]R : Iu - Elos - Eth .

Thus for I, > I4, then inevitably, II4/II, > 1. Ac-
cording to Eq. 2, the value of the ratio II4/Il, increases
as Ejys grows (see Fig. 3(b)). For a constant Fj,s, an
analogous effect would be obtained by decreasing the res-
onance voltage.

In the next section, we will return to this peculiar be-
havior that accounts for the increase of the on/off reso-
lution with temperature. Before that, we shall acknowl-
edge that the EL intensity does not solely depend on
the net ionization probability; it is also proportional to
the current. Obviously, only a fraction n of the current
accounts for the detected EL signal, since e.g. thermal-
ized electrons or electrons with energies below Ej, will
not trigger an impact ionization process at the collector
side. Thus, to complete the picture of the electron-hole
(e-h) pair generation one must analyze the evolution of
EL(Vext) = M(Vext) - 1 - I(Vext), which is displayed in
Fig. 3(c).

For large Ej,s values, the bistable e-h generation fol-
lows the experimental trend of Fig. 3(a) (FLq > FLy,)
yet reverses for lower Ej,s (ELq < EL,). According
to Eq. 2, analogous affects would be obtained by in-
creasing the external bias at resonance, Vies = Vext(Ip)-
Thus, without losses (FEj,s = 0), for a resonance volt-
age of about 5.9 V and a PV R, of 2.3, a non-inverted
EL intensity-RTD current response would occur. Anal-
ogously, keeping constant all other parameters while in-
creasing the PV R, would narrow the inverted EL inten-
sity ratio attaining a non-inverted response at a certain
point. In our case, the interplay of the moderate PV Ry,
the large resonance voltage, and the energy losses enable
the observation of the EL intensity inversion. The EL
intensity inversion leads to an electro-optical logic NOT
gate operation of the device with an electrical low in-
put (low current) corresponding to an optical high out-
put (high EL intensity) and vice versa. As pointed out
previously, this is only achieved by commonly undesired
RTD figure-of-merits: large resonant voltages (to account
for impact ionization processes to occur) and moderate
peak-to-valley current ratios (to account for the higher
impact ionization rate for the valley region). Combining
the functionalities of the device being a light emitter and
light sensor within the same bias voltage range?? poten-
tially enable all-optical logic operation.

Thus, according to this model, the ratio ELy — o Ly

EL, ~ M. 1.
. X T

can either be larger or smaller than 1 by tuning g,
Iq

since ¢ < 1 and is almost unchanged under any cir-

IU
cumstances. For a constant %‘ ratio and Ej,s, a process
u

for which gé“‘ < 1 occurs would be available for higher
incoming electron energies, i.e higher resonance voltages.
These conditions can be experimentally attained in our

RTD and will be described in the next section.



III. TEMPERATURE TUNING OF THE
EL-EMISSION

Fig. 4(a) shows RTD current-voltage characteristics
and the corresponding normalized integrated EL inten-
sities (b) for temperatures between T = 300 and 60 K.
As the temperature is reduced, the peak position of the
EL emission shifts to higher energies and coincided with
the expected spectral position at the measured environ-
mental temperature.* From fitting the low energy side of
the spectrum, a heating of the sample with around 50 K
above the base temperature is observed that is however
constant over the whole temperature and current range
and hence just provides a constant background.

The temperature reduction shifts the electron reso-
nance of the RTD towards higher external voltages and,
simultaneously, the EL bistable states narrow their on/off
ratio. Here, we utilize the capability of our device of shift-
ing the RTD threshold voltages, V;, and Viq, to larger
external bias values by reducing the temperature, as de-
scribed in Ref. 4. This effect originates at the junction
between the GaInNAs layer and the n-doped GaAs region
where a temperature dependent sheet density induces an
additional screening field. Thus, the absolute value of
the external bias needed to attain the resonant voltage
at the double barrier grows with decreasing temperature,
increasing in turn the injected electron energy in the col-
lector region. Over the whole temperature range, the EL
and RTD bistability is evident. More important yet, the
on/off states of the EL weakens and even invert their rel-
ative positions below 7" = 100 K. We should note that
the results illustrated in Fig. 4(b) were normalized to the
maximum intensity to provide a better picture of the rel-
ative shift between F'L, and EL4. Yet, as expected from
Eq. 1 and Fig. 2(c), the absolute values of the ionization
rate are reduced with decreasing energy of the incoming
electrons. This can be corroborated in the reduction of
the absolute EL intensity with increasing temperature.

For a better characterization of the EL ratio tuning
with temperature, the peak-to-valley current ratios and
EL emission ratio, gfd, are plotted in Fig. 5(a). The
electrical PV Ry, is almost constant over the temper-
ature range from T = 300 to 60 K. In contrast, the
optical ratio shrinks when the temperature is reduced
and even inverts for 7' = 60 K with gﬁi < 1. Under
these conditions, Eq. 2 indicates that the hole generation
rate will be predominantly controlled by the difference,
qVext — Eos- The experimentally obtained impact ioniza-
tion rate versus internal bias, ITI(Viy ), is calculated from

the I(V) curves and the EL intensity, IT(Viyt) o< EIZ‘(/V‘“;)

TI(Vint) is plotted in Fig. 5(b) for the EL signals shown
in Fig. 4(a) (current) and (b) (EL). Since the peak and
valley currents remain almost constant over the temper-
ature range (as shown in Fig. 4(a)), the ionization rate
(as depicted in Fig. 5(b)) is directly proportional to the
absolute EL intensity which increases exponentially as
the temperature is reduced. The calculated impact ion-
ization rates according to Eq. 1 with Ej,; = 2.70 eV
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FIG. 4: RTD current (a) and normalized integrated EL in-
tensity (b) versus the external bias voltage for temperatures
ranging from 7" = 300 to 60 K. The insets in panel (b) show
the details of the integrated EL intensity near resonance for
T =100 and 60 K.

(renormalization of the threshold energy) provide a good
agreement with the experiment.
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trical peak-to-valley current ratios PV Rcyr and the EL emis-
sion ratio. (b) Comparison between the theoretical and cal-
culated impact ionization. Without FEj.s, the ionization rate
increases as soon as the threshold FEij is surpassed. A good
agreement between theory and experiment can be evaluated
via Fjos = 2.70 eV.



IV. CONCLUSION

In summary, we built and characterized a device that
tunes the bistable EL emission of purely n-doped Al-
GaAs/GaAs double barrier resonant tunneling diodes.
Enhanced on/off resolution of the optical emission can
be attained at room or higher temperatures. Based on
these results, it is possible to conclude that the EL orig-
inates from impact ionization and radiative recombina-
tion in the collector region of the tunneling device and,
in the bistable current condition, the emission occurs for
low and vanishes for high tunneling currents in a wide
temperature range. The EL bistability can be both in-
verted or not with respect to the tunneling current den-
sity according to temperature values. In this process, two
conflicting parameters concur: the amount of incoming
electrons, proportional to the current, and the ionization
probability that depends on the incoming energy. Both

depend on the conduction states that were accessible, in
this case, thanks to the peculiar thermometric response of
the studied RTD. We should note that the highest optical
on/off ratio of 14 has been attained at room temperature
which exceeds the current on/off ratio by a factor of 6.
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