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Abstract. A new type of an optically controlled tunnelling process in a specially designed Esaki
diode is investigated. The additional peak appears due to tunnelling of 2D electrons accumulated
at ground state of delta doped layers embedded nearby the p-n junction into the valence band of
the p+-contact. It is found that the voltage position of an additional resonant peak shifts to lower
bias voltage with increasing both incident light intensity and temperature. Our experimental data
and theoretical simulations show that this shift is a result of an electrical field redistribution in the
region of the p-n junction caused by non-equilibrium carriers generated with optic or thermal

excitation.
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1. Introduction

Inter band tunnelling in low-dimensional structures has
become an important field of investigation [1-3]. The rea-
son for this is an appearance of several regions possess-
ing negative differential resistance that can be used for
microwave and fast digital devices. Up to date, there is a
very limited number of works devoted to the optically con-
trolled tunnelling processes. The main reason for this is
obviously connected with difficulty to create using light
excitation a high concentration of photo-carriers with
respect to the equilibrium value in heavy doped contact
layers . At the same time the ability to optically control
the electrical characteristics of tunnelling structures is
an exciting prospect for the development of numerous
opto-electronic devices. It is known that the quasi-two-
dimensional electronic system with two delta layers is
very suitable for the design of new devices. The spatial
extent of the delta layers potential can be comparable to

the de Broglie wavelength of electrons, and the doping
concentration can be a factor of two higher in the sys-
tem that provides several subbands which can be popu-
lated [4]. The electron mobility in delta wells can be en-
hanced from two to five times over that of single well
case [5]. The electron concentration and inter-subband
transition energies can be changed considerably by an
applied voltage bias [6, 7]. Recently we have observed
an additional resonant peak [8] in a specially designed
Esaki diode, containing two delta layers in the region
nearby the p-n junction.

In this contribution we present results on the influ-
ence of optically and thermally excited carriers on the
shape of the current-voltage (/-V) characteristics of the
structure. Our results proved that the origin of the addi-
tional peak differs from the main one and is a result of
2D electron tunnelling out of the ground state of the se
two delta-layers .
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2. Experiment

Measurements of electrical and optical parameters were
conducted using specially designed p-n diode structures
containing two delta doped layers. The structures were
grown by MBE on semi-insulating GaAs (100) substrate.
The sequence of epitaxial layers was the following: a high-
ly doped p+ (p = 10* cm™) region is followed by a 5 nm
highly doped n* region (n = 10" cm?) and two 5 nm sep-
arated delta layers (» = 10"* cm™), and finally a 3 mm »*-
layer. Mesa structures with a diameter of 10 mm were
formed by photolithography and wet etching. The cur-
rent-voltage characteristics were measured by a Hewlett-
Packard 4145 semiconductor parameter analyser in a tem-
perature range of 77-300 K under dark conditions. Op-
tical measurements were performed at 77 K, when the
structure was immersed in liquid nitrogen. The structure
was illuminated with different intensities of a tungsten
lamp. In the paper we present the data obtained on de-
vices N1 and N2 from series of diodes under study.

3. Experimental results

Most of the general peculiarities have been seen in all
samples. The main of them is the appearance of one or
two well resolved additional resonant peaks. In most
cases the samples demonstrate one additional peak in
the current-voltage characteristics observed at the excess
valley current region. Sometimes in more perfect struc-
tures two additional peaks were observed. It should be
mentioned that the voltage position of the additional
peaks can change from sample to sample in the range
from 0.4 V to 0.9 V, but it is reproducible for each sam-
ple. Another feature observed in our experiments is the
considerable effect of external conditions, namely, the
influence of temperature as well as intensity of the inci-
dent light on the peaks’ position and amplitude. Figure
1 shows typical I-V characteristics of the p-n diode N1,
measured under forward bias at room and at liquid
nitrogen temperatures. The structure’s peak current den-
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Fig. 1. -V characteristics of the p-n diode N1 measured at

77 K (curve 1) and 300 K (curve 2).
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sity is about 20 Aldm?. The value is in good agreement
with the doping level in our diode structure and very close
to the value observed for the GaAs tunnelling diode with
the same doping concentration in [9]. Peak (Ip) and val-
ley (1) currents of both peaks increase with temperature
growth. This trend is consistent with an expected tem-
perature dependence for the GaAs band gap and with de-
creasing of the p-n junction’s effective barrier thickness.
At the same time, temperature dependencies of both the
1 /I, ratio (Fig. 2a) and the voltage position of the main
and additional peak (Fig. 2b) are different. The addi-
tional peak voltage position shifts to lower bias with in-
creasing temperature faster than the main one does. The
peak-to-valley current ratio of the additional peak de-
pends on the temperature very weakly in a wide temper-
ature range. The I-V curves plotted as a function of inci-
dent light intensity show in many respects changes that
are similar to the temperature induced modifications of
the /-V characteristics shape. The /- curves recorded
for p-n diode N2 in the dark and at different light inten-
sity are shown in Fig. 3. Magnitude of both tunnel cur-
rents corresponding to the main and additional peaks
increases at illumination, and the density of photo-in-
duced carriers is controlled by the light intensity. The
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Fig. 2. Temperature dependence of the peak-to-valley current
ratio (PVR) (a), and voltage position of the peaks (b) for the
first peak (squares) and the additional peak (circles) of the
diode MN1.
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Fig. 3. I-V characteristics of the p-n diode N2 with two delta
layers measured at different light intensities. Curves from lower
to upper correspond to the light intensity marked by points on
insert. Insert: voltage position of the additional peak as a func-
tion of light intensity.

additional tunnelling peak shifts towards the lower volt-
age bias with increasing light intensity L (insert to
Fig. 3). The larger the illumination intensity the larger
the shift voltage. At the same time, the main peak exhib-
its only small changes in the value of current and its volt-
age position.

4. Theoretical model and discussion

In order to determine the potential profile of the investi-
gated structure and the energy levels of electron states
we have employed a self-consistent Poisson and
Schrodinger solver program for equilibrium conditions.
The physical model is based on a density-functional the-
ory where all single particle states have been split into
two classes of quasi-free and 2D-bound states. For these
two classes of states we can easily obtain expressions for
exchange energies. The occupation probability of each
level is given by a Fermi-Dirac distribution, whereby the
statistics of the ionized impurities obey a slightly modi-
fied function. Within the simulation each layer of semi-
conductor material is described by an individual effective
mass, doping and interface band offset referring to the
adjacent region.

The calculated potential profile of the investigated
structure at zero voltage bias and liquid nitrogen tem-
perature is shown in Fig. 4. Both delta-layers are very
close to the depletion region since the p-n junction width
is of the order of 10 nm. As a result the energy levels of
bound electron states have to be very sensitive with re-
spect to electric field redistribution under the influence of
the external conditions. In fact, the voltage of the second
peak shifts with increasing temperature and light intensi-
ty. Several calculated energy levels in the region of the
two delta layers are obtained with a ground state energy
of about 250 meV below the Fermi level. Every time as a
level is aligned with the energy range from quasi-Fermi
level to the top of the valence band of the p *-region tun-
nelling is possible and the current increases. If the tunnel
barrier is thin enough, the total energy and the parallel
momentum of the tunnelling electrons are conserved and
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Fig. 4. The calculated band diagram of the p-n junction with two delta-layers.
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electrons can tunnel resonantly from 3D to 2D electron
systems and vice versa [10,11]. Really, sharp negative dif-
ferential resistance features are observed in the /-7 char-
acteristics, which confirm the quantum confined origin
of electrons tunnel ling through the p-n junction. The
distinction between the main and additional peak behav-
iour can be attributed to the different electric field distri-
bution that affects tunnelling processes in the structure.
The scaling factor that determines the relation between
the energy shift and the applied voltage can be obtained
as follows. We can obtain unambiguously the voltage
range of the additional resonant peak using its start and
end points. The start position of the additional reso-
nant peak can be ecasily determined from the point at
which the first derivative becomes positive after the neg-
ative differential region of the main peak. The position
of the end is the voltage of the sharp current drop in the
negative differential resistance region. Thus, at 77 K tem-
perature the voltage range of the additional peak is
0.344 V for p-n diode N1. This value equals to the Fermi
energy of the p-type region (in our case 143 meV) added
by 2 kT. The scaling factor is just the ratio of the values
and is about 2.2. This means, that the voltage peak posi-
tion 0.66 V corresponds to the energy shift of 300 meV.
The voltage range of the additional peak appears to be a
linear function of temperature. The higher the tempera-
ture the lower the observed range. The scaling factor is
estimated in the same manner at room temperature and
is about 1.56. The peak position at is temperature corre-
sponds to an energy of 380 meV. For the p-n diode N2
the energy is 380 meV at the maximum intensity of illu-
mination and 400 meV in the dark. The difference in
energies is a result of electric field redistribution stipu-
lated by non-equilibrium carriers generated with ther-
mal or optical excitation.

5. Conclusions

In summary, we have proposed and demonstrated a novel
optically controlled inter band tunnelling diode. A well
resolved additional resonant peak in the /-7 character-
istics was found to shift to lower bias voltage with increas-
ing temperature and intensity of optical excitation. This
peak is due to tunnelling of localized electrons from the
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lowest subband that is formed by the effective confining
potential of two delta-layers into the valence band of p-
type region. A resonance occurs at voltages that corre-
spond to the alignment of the energy level of the delta-
layers ground state with an energy range from the quasi-
Fermi level to the top of the valence band in the p*-re-
gion. The peak’s shift observed at illumination could be
utilised in optical switching devices. It should be noted
that the peak-to-valley current ratio and switching pa-
rameters are approximately the same at 300 K and 77 K.
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