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1. INTRODUCTION

Doping of silicon and other semiconductor materi�
als with rare earth ions is promising for optoelectronic
applications, because optically active media, charac�
terized by a narrow and temperature�independent
spectral line, can be formed in this way. These unique
properties of materials doped with rare earth ions are
explained as follows: the optical activity of these ions
is caused by the intraatomic (intraion) transitions in
their partially filled 4f shell, which is shielded by exter�
nal 5s and 5p shells from external effects. In addition,
erbium�doped silicon is of interest because it can be
used as a basis to design light�emitting devices com�
patible with the silicon technology and emitting in one
of the transparency windows of optical fibers: 4I13/2 →
4I15/2 transition in the 4f shell of Er3+ ion at the wave�
length λ ≈ 1.54 μm (see reviews [1–3]).

Investigations showed that impact excitation of
Er3+ ions is preferred for obtaining high electrolumi�
nescence (EL) intensity of Er3+ ions at room tempera�
ture. This excitation mechanism is implemented in
diode structures of the p+/n�Si:Er type, which emit
under reverse bias on the p/n junction in the break�
down regime [4, 5]. The application of impact excita�
tion allows one to significantly suppress the nonradia�
tive relaxation of excited Er3+ ions and thus consider�
ably reduce the temperature quenching of erbium
luminescence.

The main drawback of p+/n�Si:Er diode structures
is the small width of space�charge region (SCR) in

the breakdown mode of p–n junction, which deter�
mines the sizes of emitting region and, therefore,
the EL intensity under impact excitation of Er3+

ions. An increase in the SCR width, which is
obtained in p+/n�Si:Er structures by reducing the
doping level of the n�Si:Er layer, causes transformation
of the tunnel mechanism of p–n junction breakdown
to avalanche and, as a result, sharply decreases the EL
intensity of Er3+ ions [6, 7]. The factors that reduce the
EL intensity of Er3+ ions in diodes with avalanche
breakdown of p–n junction include impact relaxation
of erbium ions by hot electrons [8], nonuniform distri�
bution of the pumping current over the p–n junction
area [6], and weak electric field in the SCR of the
diode structure [7].

It was shown previously that the limitations
related to the development of avalanche breakdown
at the SCR extension in p+/n�Si:Er diode structures
can be overcome using diode structures with a spe�
cial doping profile—in particular, tunnel transit�
time p+/n+/n�Si:Er diodes [9, 10]. Good prospects of
p+/n+/n�Si:Er light�emitting diodes (LEDs) were
confirmed by numerical simulation [11] and the first
observations of the EL from Er3+ ions in p+/n+/n�Si
diode structures [12, 13].

The results of the first studies on tunneling transit�
time LEDs justified our concepts about the operation
of tunnel transit�time structures and revealed a strong
dependence of the electrical and luminescence prop�
erties of tunnel transit�time structures on the thickness d
of the thin, heavily doped n+�Si layer [13]. At the same
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time, many later experiments on tunnel transit�time
LEDs, aimed at establishing the factors that limit the
erbium EL intensity and quantum efficiency of these
devices did not reveal the sharp bell�shaped depen�
dence of the erbium EL intensity on the thickness of
the n+�Si layer, which was reported in [13]. In this
paper we generalized the results of these experiments
and discussed the factors limiting the EL intensity and
efficiency of impact excitation of Er ions in tunnel
transit�time LEDs. The experimental results are com�
pared with the model predictions.

2. SIMULATION OF TUNNEL TRANSIT�TIME 
LED OPERATION

Studies of erbium luminescence in diode structures
with different doping profiles and, correspondingly,
different electric field distributions over the SCR
width for a planar diode structure made it possible to
formulate the concepts of optimal field distribution
over the SCR width, which would make it possible to
maximally increase the erbium EL intensity upon
impact excitation of erbium ions. It was shown that the
field distribution over the SCR width must be signifi�
cantly nonuniform: there must be a narrow region of
high field near the metallurgical boundary of the p–n
junction and a fairly wide low�field region. The narrow
p+/n+ junction (high field region) works in the mode
of tunnel breakdown and plays a role of electron injec�
tor. The low�field region in the n�Si:Er layer serves to
heat electrons to the energy E that is necessary to
excite erbium ions to the 4I13/2 state (E ≈ 0.8 eV); com�
pensate for the energy loss caused by electron scatter�
ing from structural defects and thermal lattice vibra�
tions; and, finally, implement impact excitation of
erbium ions [9, 10].

Figure 1 shows the calculated electric field distri�
bution over the SCR width for a tunnel transit�time
LED at different thicknesses d of the heavily doped
n+�Si layer. The maximum field in the plane of the
p+–n+ junction, corresponding to the development of
tunnel breakdown of this junction, was assumed to be
1400 kV/cm. At a relatively large thickness of the
n+�Si layer (more than 50 nm at the doping level ND ≈
2 × 1018 cm–3) the field fails to penetrate the n�Si:Er
layer. In this case, the erbium excitation is minimum
and the erbium EL intensity is close to zero. In diodes
with a thinner n+�Si layer an increase in the reverse
bias causes field penetration into the n�Si:Er layer
before the p+/n+ junction undergoes tunnel break�
down. With a decrease in the thickness d, the field in
the n�Si:Er layer increases in the breakdown regime.
Correspondingly, the mean energy of the electrons
transported through the n�Si:Er layer and the proba�
bility of impact excitation of erbium ions by the flux of
hot electrons increase and the erbium luminescence
intensity increases eventually. At the same time, the

excess amplification of the electric field in the n�Si:Er
layer should lead to the development of avalanche
breakdown of the n�Si:Er layer and, correspondingly,
reduce the erbium luminescence intensity. Thus, a
decrease in the thickness d of the n+�Si layer should
initiate the transformation of tunneling breakdown of
the p+/n+ junction into avalanche breakdown of the
n�Si:Er layer and achievement (at some intermediate d
value) of maximum erbium luminescence intensity in
the mixed breakdown mode.

3. EXPERIMENTAL

The p+/n+/n�Si:Er structures were grown by
sublimation  molecular�beam epitaxy (SMBE) [14]
on p�Si:B (100) substrates with a resistivity of 10–
12 Ωcm. The layer parameters were as follows: d ~
0.2 μm and p ≈ 1019 cm–3 (p+�Si); d ≈ 10–60 nm and
n ≈ 2 × 1018 cm–3 (n+�Si); and d ≈ 0.5 μm, n ≈ 1016 cm–3,
and NEr ≈ 3 × 1018 cm–3 (n�Si:Er). This structure was
coated from above by a subcontact layer n+�Si (d ≈
0.4 μm, n ≈ 1020 cm–3). LEDs for EL measurements
were fabricated using the conventional mesa technol�
ogy, with a mesa area of ~2.2 mm2. A grid metal con�
tact was deposited on the mesa surface, with 80% of
the mesa area left free for radiation exit.
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Fig. 1. Electric field distribution over the SCR width in a
reverse�biased tunnel transit�time LED. The beginning of
the abscissa axis corresponds to the plane of the p+–n+

junction. The concentrations of free charge carriers in the
p+�Si, n+�Si, and n�Si:Er layers are 5 × 1018, 2 × 1018, and
0.01 × 1018 cm–3, respectively. The n+�Si layer thicknesses
are (1) 50, (2) 40, (3) 35, and (4) 30 nm.
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EL spectra were excited by pulsed current pumping
(pulse width ~4 ms, repetition frequency ~40 Hz,
amplitude up to 500 mA) and recorded in the range of

1.0–1.6 μm using a grating monochromator, InGaAs
IR photodetector, and a technique of synchronous sig�
nal collection.

Current–voltage (I–V) characteristics of the
diodes were measured in the pulsed mode. The break�
down voltage Ubr was determined by extrapolating the
straight�line portion of the reverse I–V characteristic
to the intersection with the voltage axis. A comparison

of the breakdown voltages measured at room ( )

and liquid nitrogen ( ) temperatures made it possi�
ble to estimate the proximity of the breakdown mech�

anism to tunnel ( /  < 1), avalanche ( /  > 1),

or mixed ( /  ≈ 1) modes [15].

4. RESULTS AND DISCUSSION

Figure 2 shows the results of measuring the erbium
EL intensity, breakdown voltages Ubr at room and liq�
uid nitrogen temperatures, and excitation efficiency of
Er3+ ions as functions of the thickness d of the n+�Si
layer. The excitation efficiency is considered to be the
product στ of the excitation cross section σ by the life�
time τ of excited Er3+. The excitation efficiency is gen�
erally determined by measuring the dependence of the
erbium EL intensity I on the pumping current density j
(see, for example, [16]):

(1)

where q is the elementary charge.
The dependences obtained are typical of most tun�

nel transit�time structures that have been studied. At
the same time, they differ both from the predictions of
the above�considered simplified model of tunneling
transit�time LED and from the results of studying the
tunnel transit�time LEDs [13].

First, a decrease in the thickness d of the n+�Si layer
is not accompanied by a radical change in the break�

down nature: the breakdown voltages  and  in
the range of thicknesses d = 10–60 nm change only

slightly, and the breakdown remains tunneling (  <

). With a decrease in the thickness d of the n+�Si

layer, the difference between  and  decreases,
which is indicative of transformation of the breakdown
mechanism into avalanche; however, this transforma�
tion is rather slow.

Then, according to the above representations, a
decrease in the thickness d of the n+�Si layer is accom�
panied by an increase in the erbium EL intensity; we
attribute this increase to the electric field amplifica�
tion in the n�Si:Er emission layer [13]. At the same
time, the expected bell�shaped dependence of the
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Fig. 2. Dependences of the (a) erbium EL intensity, (b) the
breakdown voltages at room and liquid nitrogen tempera�
tures, and (c) the excitation efficiency στ for a tunneling
transit�time LED on the thickness d of the n+�Si layer.
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EL intensity on the n+�Si layer thickness, which is
generally related to the transformation of LED break�
down mechanism, is absent. In our experiments a
decrease in d led only to an increase in the EL intensity
to a constant value (presence of a plateau). Note that
the results in Fig. 2a (absence of bell�shaped depen�
dence) and Fig. 2b (conservation of tunneling break�
down) are quite consistent.

The efficiency of impact excitation of erbium ions
in the samples studied increases with a decrease in the
n+�Si layer thickness (Fig. 2c); we also relate this fact
to the electric field amplification in the n�Si:Er layer.
At the same time, the excitation efficiency remains
fairly low in comparison with the data on p+/n�Si:Er
LEDs with a constant doping level of the diode base
(n�Si:Er layer) and triangular electric field profile over
the SCR width (στ ≈ 10–19 cm2 s [6]). The measured
erbium EL intensity and excitation efficiency of Er3+

ions in a series of tunneling transit�time LEDs (results
of this study) and a series of p+/n�Si:Er LEDs [6] are
compared in Fig. 3. In tunneling transit�time LEDs
the excitation efficiency was changed by changing the
thickness d of the n+�Si layer, while in p+/n�Si:Er
diodes this was done by changing the doping level in
the n�Si:Er layer.

In p+/n�Si:Er LEDs the range of variation in στ
reaches, as was indicated above, an order of magnitude
and, what is more important, the excitation efficiency
reaches the value στ ≈ 10–19 cm2 s (LEDs with a mixed
breakdown mechanism), which is unprecedentedly
high for p+/n�Si:Er structures [6, 17]. It can be seen
that the excitation efficiency of tunneling transit�time
structures is below that of p+/n�Si:Er structures. Note

that the excitation efficiency obtained in tunnel tran�
sit�time LEDs corresponds to the characteristic values
for p+/n�Si:Er LEDs emitting in the tunnel breakdown
mode, which is also consistent with the results pre�
sented in Figs. 2a and 2b.

Nevertheless, provided that the excitation efficiency
is the same, the EL intensity of a tunneling transit�time
LED is much higher than that of p+/n�Si:Er diode struc�
tures. The difference in the erbium EL intensities for
tunneling transit�time and conventional LEDs, which
is observed in Fig. 3, is due (approximately equally) to
the following two factors: (i) difference in the SCR
width in these diode structures (W ~ 50–100 nm in the
p+/n�Si:Er structure and W ~ 500 nm in the tunnel
transit�time structure) and (ii) the difference in the
form of the upper metal contact. The point is that
p+/n�Si:Er LEDs were fabricated using a ring metal
contact, while the tunnel transit�time LEDs, as was
noted above, had a grid contact. Experiments showed
that a grid contact is preferred both for improving radi�
ation extraction and for increasing the LED pump
efficiency. According to our data, the difference in the
erbium EL intensity that is caused by the difference in
the SCR width in diode structures, is in the range of
three to five for different LEDs, which approximately
corresponds to the range of SCR width variation.

The dependence of the total (i.e., emitted into a
sphere) power from a tunneling transit�time structure
at a wavelength of ~1.5 μm on the pumping current is
shown in Fig. 4. The radiation was collected into a
solid angle of ~0.3 sr and focused onto the entrance
window of a highly sensitive OPHIR�3A IR photode�
tector. The total power was estimated on the assump�
tion of isotropic directional pattern of the structure. At
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Fig. 3. Relation between the excitation efficiency στ and
erbium EL intensity for (1) the tunneling transit�time
LED and (2) p+/n�Si:Er LED. The EL intensity was mea�
sured at a pumping current of 200 mA.
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Fig. 4. Dependence of the output power of a tunnel transit�
time LED on the pumping current.
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room temperature the total power was ~ 4.7 μW at a
pumping current of ~0.5 A (j ≈ 20 A/cm2) and the
external quantum efficiency was ~1.5 × 10–5 at a
pumping current up to 0.2 A (j ≈ 8 A/cm2).

The consideration of the results shown in Figs. 2–4
leads to the following main conclusions. First, we
could extend the SCR in a LED structure (approxi�
mately to 0.5 μm) without going beyond the tunnel
breakdown mode; thus, we confirmed the validity of
the main model concepts about the tunneling transit�
time LED operation. According to the data in the
available publications, the radiation power obtained in
the tunneling transit�time LED is the highest for
erbium�doped silicon diode structures emitting at
room temperature.

Second, the impact excitation efficiency of erbium
ions in tunnel transit�time LEDs is below that for
p+/n�Si: Er LEDs. Apparently, the low excitation effi�
ciency of erbium ions in tunnel transit�time LED is
caused by the impossibility (at least for most LEDs) of
amplifying the electric field in the n�Si:Er layer to the
value corresponding to the mixed mechanism of LED
breakdown (~300 kV/cm), at which the tunnel and
avalanche components would equally contribute to
the breakdown current. This suggestion is confirmed
by the results of experimental study of the effect of
thickness d of the n+�Si layer on the erbium EL inten�
sity and the mechanism of breakdown of tunneling
transit�time LEDs (Figs. 2a, 2b).

According to the generally accepted concepts, the
increase in the impact excitation efficiency of Er3+

ions, which is observed in p+/n�Si:Er LEDs at SCR
extension and, correspondingly, enhancement of the
avalanche component in the LED breakdown current
(see Fig. 3 and data of [6]), are due to the heating of
the electrons transported through the diode structure
in the breakdown mode; this pattern is confirmed by
the increase in Ubr [6, 17]. In tunneling transit�time
LEDs the heating of the electrons transported through
the n�Si:Er layer, as well as the increase in the break�
down voltage Ubr, should be caused by a decrease in
the thickness of the n+�Si layer and the corresponding
increase in the electric field strength in the n�Si:Er
layer (Fig. 1). In our opinion, the impossibility of
increasing the electric field in the n�Si:Er layer to a
value sufficient for electron heating and transforming
the tunnel breakdown into a mixed one by decreasing
the n+�Si layer thickness may be related to the nonuni�
form distribution of ionized donors and acceptors in
the SCR in most investigated diode structures. The
results of preliminary calculations suggest that at a
small thickness of n+�Si layer fluctuations in the distri�
bution of ionized donor and acceptor charges in the
SCR hinder the development of avalanche break�
down. This hypothesis not only accounts for the
experimental results obtained here, but also suggests

that their difference from the previous data [13] is due
to the difference in the intensity of charge density fluc�
tuations in the LED SCR. Studies aimed at confirm�
ing the above�mentioned hypothesis are under way.

5. CONCLUSIONS

We fabricated and investigated tunneling transit�
time p+/n+/n�Si:Er LEDs with an extended SCR and
enhanced radiation power at room temperature. In
comparison with the previously investigated simpler
diode structures of the p+/n�Si:Er type, the tunneling
transit�time LEDs are characterized by a higher (by a
factor of 3–5) emission power but have a lower excita�
tion efficiency. The factors determining the low exci�
tation efficiency of erbium ions in tunneling transit�
time LEDs may be related to both technology and the
features of electric breakdown development in nanos�
cale�doped diode structures.
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