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Er doped Si light-emitting diodes may find important applications in silicon photonics and optical
quantum computing. These diodes exhibit an emission efficiency 2 orders of magnitude higher at reverse
bias than forward bias due to impact excitation. However, physics of impact excitation in these devices
remains largely unexplored. In this work, we fabricated an Er/O/B codoped Si light-emitting diode which
exhibits a strong electroluminescence by the impact excitation of electrons inelastically colliding the Er
ions. An analytical impact-excitation theory was established to predict the electroluminescence intensity
and internal quantum efficiency which fit well with the experimental data. From the fittings, we find that the
excitable Erions reach a record concentration of 1.8 x 10" cm™ and up to 45% of them is in an excitation
state by impact excitation. This work has important implications for developing efficient classical and
quantum light sources based on rare earth elements in semiconductors.
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An integrated chip system that possesses the genera-
tion [1], processing [2,3], transmission, and storage of
quantum information [4] is vital for quantum computing, in
particular if such a system can be integrable with the exi-
sting Si based complementary-metal-oxide-semiconductor
(CMOS) circuitry. Er ions implanted in silicon provide an
unprecedented opportunity to develop such a system due to
several important features of Er ions [5-7]. First, Er ions
absorb or emit photons at a communication wavelength
that is compatible with the existing optical communication
systems and the emerging silicon photonic technology [8,9].
Second, rare earth elements in crystals often have a long spin
coherent time [10], a striking feature that is crucial for
quantum information processing. Er as one of the most
extensively investigated rare earth elements is not an excep-
tion. Last, Er ions have a longitudinal spin wave structure
which can be coupled with electromagnetic waves in a
microwave or radio frequency range [11]. As a result, the
electron spin coherence in Er ions can be manipulated
optically and electronically [10,12,13].

In the past several decades, Er in various substances has
been well studied including crystalline and nanostructured
semiconductors and dielectrics [14—18]. The research on Er
in oxide or other dielectrics is fruitful, partly because Er
has a high solubility in these materials [15,16]. A high
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concentration of these Er ions can be directly excited by
photons with the right energy. Optically pumped lasers
and optical amplifiers based on Er doped fibers have been
commercialized. The pursuit of electrically pumped Er
doped Si light-emitting devices operating at a forward bias
turns out to be futile due to the fact that Er ions in these
devices are excited by the recombination of electrons and
holes from the energy bands via Er-related defects in the
Si band gap, which often results in an extremely low
efficiency [5].

Impact excitation provides a new avenue for creating
efficient Er-doped Si light-emitting diodes (LEDs) [19,20].
Like optical pumping, impact excitation can provide tunable
quantized energies by the electric field in the depletion
region of the p-n junction diode in which electrons are
ballistically accelerated within the mean free path and
inelastically collide to excite Er ions. Er doped Si LEDs
under reverse bias were previously reported to have much
higher luminescence intensities than forward bias [19,20],
which was believed to be caused by impact excitation.
However, the physics of impact excitation has remained
largely unexplored.

In this work, we fabricated an Er/O/B codoped Si LED
that exhibits an electroluminescence (EL) emission 2 orders
of magnitude stronger at reverse bias than forward bias.

© 2024 American Physical Society
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The derived impact-excitation theory predicts that the
emission rate and internal quantum efficiency (IQE) follow
the nonlinear functions of reverse bias, which, excitingly,
was consistent with experimental observations. The fitting
of the theory with the roughly estimated IQE allows us to
find that the optical excitable Er concentration reaches a
record of 1.8 x 10" ¢cm™3, 45% of which is excited at a
reverse bias of 11 V. This ratio can be enhanced toward
100% by increasing the pumping current or reducing the Er
concentration, which is important for developing single
photon sources when a single Er is introduced into Si.

The intrinsic silicon wafer (p type; resistivity > 10 k{2 cm)
was first doped with Er and O at an implantation energy
and dose of 200 keV and 4 x 10!% cm~2, and 30 keV and
1 x 10'® cm™2, respectively. Photolithography was applied
to expose part of Er/O codoped Si which was further
implanted with boron at 20 keV and 1 x 10" cm~2. After
ion implantation, the sample was then treated with the deep
cooling process in which the sample was rapidly quenched
from high temperature (950 °C) by flushing with helium gas
cooled with liquid nitrogen (77 K). Hall measurements show
that the Er/O doped Si is n type with the electron concen-
tration of ~1 x 10" cm™3, whereas the Er/O/B doped Si is
p type with the hole concentration of ~4.7 x 10'® cm™3. See
Supplemental Material for Hall measurements [21]. We
previously demonstrated that the deep cooling process can
efficiently suppress the precipitation of Er and reduce the
concentration of nonradiative recombination centers [23], as
a result of which the Er/O doped Si has a 2-order-of-
magnitude enhancement of light emission efficiency. The
codoping of B will further enhance the photoluminescence
efficiency of Er/O doped Si. (The photoluminescence for
Er/O and Er/O/B doped Si is presented in Fig. Slc of
Supplemental Material [21].)

We made a cross-finger shaped p-n junction diode as
shown in Fig. 1(a). A pair of cross-finger electrodes were
deposited to contact the n™-type Er/O and p*-type Er/O/B
region, respectively. The contacts are Ohmic and the
contact resistances are negligible in comparison with the
resistance of the p-n junction at reverse bias. (The contact
resistances were extracted from the transmission line model
in Fig. S2 of Supplemental Material [21].) The current vs
voltage (I-V) characteristics of the p-n junction diode are
shown in Fig. 1(b). The leakage current is relatively large
with only an order of magnitude lower than the forward
current. The relatively large leakage current is likely due to
the high concentration of defects by Er/O/B doping that
significantly increases the thermal generation of electrons
and holes in the depletion region. The ideality factor is
found as ~2.7 from the slope of the logarithmic forward
current at small forward bias [inset of Fig. 1(b)].

The electroluminescence (EL) spectra of the p-n junc-
tion diode under forward (blue line) and reverse bias (red
line) are shown in Fig. 1(c). Both spectra exhibit a peak
near 1.536 pm which is nearly identical to the recorded
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FIG. 1. (a) Optical microscopic image of the device. Inset: A

closeup sketch of p-n junction. (b) Current vs voltage (I-V)
characteristics of the Er/O/B codoped Si p-n junction. Inset: I-V
characteristics in semilogarithmic scale. (c) EL spectra under
reverse and forward bias. (d) Photo emission power under the
injection of different currents at room temperature.

photoluminescence (PL) of Er/O codoped Si ([21],
Fig. Slc) confirming that the EL emission comes from
Er ions. Figure 1(d) shows the integrated EL intensity
pumped by a forward (blue dots) and a reverse current (red
squares). The EL under reverse bias is nearly 2 orders of
magnitude stronger than the forward bias. Interestingly, the
dependence of EL intensity on pump current has a slope of
2.4-2.8, indicating that there is some stimulated emission
inside the diode. We previously observed similar phenome-
non in other Er doped Si light-emitting diodes [7].

The strong EL under reverse bias is caused by impact
excitation of hot electrons. To theoretically investigate this
impact-excitation process, let us focus on electrons in the
depletion region starting from the location ® in thermal
equilibrium (see Fig. 2). Within a distance of the mean free
path, the electrons will ballistically transport until they
collide the impurity ions (mostly Er ions). In our case, the
depletion region width is estimated to be ~45 nm due to the
lateral randomness of implanted ions. (The lateral distri-
bution of implanted ions is shown in Fig. S3 of
Supplemental Material [21].) EL from our p-n junction
diode was detectable when the reverse bias is greater than
3 V. The maximum electric field intensity inside the
depletion region is on an order of 10° V/cm, meaning
that some electrons in the depletion region have already
reached the velocity saturation according to the electric
field dependent velocity of electrons in silicon. Therefore,
electrons will mostly inelastically collide with impurities at
the location @ after traveling a distance of mean free path
(~4 nm from our later results). Given the fact that the time
of ballistic transport is on the order of ~tens of femto-
seconds, electrons before collision are hot electrons with a
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FIG. 2. Impact-excitation mechanism. Electrons in the location
@ will be ballistically accelerated to the location @ in a short time
(~tens of femtoseconds) such that the hot electrons in the location
® distribute identically to the location ®©. After the inelastic
collision, those electrons lose an energy of A that will be
absorbed by Er ions to excite electrons from the ground state
to excited state.

distribution similar to @ but at a higher energy of gE! with
q being the unit charge, E the electric field intensity, and /
the mean free path. After collision, electrons will relax to
empty states at @.

Electrons of Er ions at %15, states are excited to 73
states only if hot electrons at & = &, 4+ gEl in @ are relaxed
by inelastic collision to states at £ (mostly empty in ®) by
losing an energy of A (2 0.8 eV). For all electrons in the
location @, the probability W; of an Er ion being excited is
given by Eq. (1) according to previous theoretical work [24].

Wi=Wo / /g 50 5’>09(§)f(§)9(§’)5(5— A=&)dede, (1)

in which &=§&,+ gEl, W, is associated with the
Er ion radius and Coulombic interactions (1.4 x
1072 cm3eV~1/251) [22], ¢ is the density of states,
and f is the carrier distribution function. Since the free
carrier concentration in the depletion region is relatively
low, f will follow the Boltzmann distribution although the
Si is degenerate due to high doping concentrations. The
last term §(& — A —¢') in the integral is to ensure that
the energy loss in the inelastic collision matches the
energy needed for electrons in Er ion to excite from
4[15/2 to 4[13/2 states.

Depending on whether the kinetic energy is higher or
lower than the energy difference A, the probability of
impact excitation W; given in Eq. (2) can be derived from
Eq. (1) [24] [Egs. (1) and (2) are validated numerically in

Sec. IV of Supplemental Material [21] ] where 7 is the hot
electron concentration, k is the Boltzmann constant, and 7
is the electron temperature. In our case, the kinetic energy
of electrons is higher than 0.8 eV (see later results).
Therefore, we focus only the case gEl > A in Eq. (2)
for the following derivation.

Yon\/gET— A gEl> A,
W; = (2)

%n\/A —qEl e gEl < A.

Note that the electric field intensity and dopants in our p-n
junction are not spatially uniform, and that the emission
probability W; is dominated by the maximum electric field
intensity. For simplicity, we choose to use the maximum
electric field intensity E,, in Eq. (2) for a given reverse bias
V4, which is written as E,, = {[2(V}; + V,)]/Wgep} With
V;; being the built-in potential (~1.06 V), and Wy, is the
depletion region width. W, is ~45 nm estimated from the
lateral randomness of ion implanted dopants and regarded as
constant due to the fact that both Er/O/B and Er/O doped
Si are degenerate ([21], Fig. S3).

In Eq. (2), the electron concentration 7 is also dependent
on the reverse bias V. Since the electrons in the depletion
region under a reverse bias of 3 V have already reached the
velocity saturation in our device, the electron concentration
n can be expressed in terms of leakage current density J and
electron saturation velocity v, as n = (J/qwv,). The experi-
mental leakage current and then the electron concentration
can be fitted with an exponential function of reverse bias V,
as shown in Fig. 3(a). After plugging the analytical
dependence of n and E on V, into Eq. (2), we manage
to find the analytical expression of W; dependent on V,,
which is plotted in Fig. 3(b).

Note that the kinetic energy of inelastic collision can be
transferred only to Er ions that are not in excitation state (in
ground state). Let us suppose the concentration of all
optically excitable Er ions and those already in excitation
state are N,, and N, respectively. Er ions in ground state
will be N, — Ng, in concentration. The radiative emission
probability of Er ions in the excitation state is W ;. At steady
state, the excitation rate of Er ions in ground state by
inelastic collision of hot electrons will be equal to the
relaxation rate of Er ions from excitation state to ground
state, which can be described by Eq. (3).

Wi(Ntt - NEr) = NgWy. (3)

From Eq. (3), we find the concentration of Er ions in
excitation state Ny, with the expression of W, given in
Eq. (2). The photon emission rate , from our Er doped Si is
given by r, = Ng,W,L,.A. where A, is the cross-sectional
area of the conduction channel with the cross-finger
interface length of 1 cm and depth of 100 nm according
to the doping profile (see Supplemental Material, Sec. I).
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FIG. 3. (a) Experimental leakage current density that is ex-
ponentially dependent on reverse bias V, which can be fitted with
an empirical function. (b) Photo emission probability due to
impact excitation by plugging the measured electron concen-
tration in (a) to Eq. (2). (c) Emission rate as a function of reverse
bias V. Inset: EL under a pulsed bias to mitigate thermal effect.
(d) Experimentally measured IQE that is well fitted with the
theoretical IQE in Eq. (5).

L,, is the length of the optically active region (should be
around where the maximum electric field intensity is).
The full expression of r, is given as a function of reverse
bias V, in Eq. (4) after plugging Ng, found from Eq. (3),
the empirical expression of the electron concentration in
Fig. 3(a) and W, given in Eq. (2) along with the maximum
electric field intensity.

_ W
T W W,
IV A
IV, FV,—A+ B/,

in which A = (Wye,/2¢gl)A and B = (zv,W,/W,) X
V (quep/Q’l)'

To quantitatively measure the photon emission rate r,
from our reversely biased p-n junction diode, we used a
commercially calibrated near-infrared light-emitting
diode (InGaAs diode L12509-0155G) as a reference to
quantify the light collection efficiency of our optical
system. (The system optical collection efficiency was
experimentally measured as shown in Fig. S5 of
Supplemental Material [21].) Silicon has a relatively high
refractive index. Light emitted from Si internally may be
trapped inside. Based on finite difference time domain
simulations, we found the light extraction efficiency from
silicon to air is estimated as 2.3% to the best of our
knowledge. Note this efficiency may bear some signifi-
cant uncertainty that will affect the value of the para-
meters we extracted below. With these considerations, we

NthdLexAc

NtthLexAc ’ (4)

recorded the photon emission rate r, from our device at
pulsed bias to mitigate the thermal effect, as shown in
Fig. 3(c) along with the inset.

The experimentally measured photon emission rate can
be fitted with the theoretical rate given in Eq. (4). From the
fitting, we extracted three important correlations given
Vi = 1.06 V. First, A = (Wyep/2ql)A =43 V with [
being the mean free path and A = 0.8 eV, from which
we find (Wge,/I) = 11. As Wy, can be reliably estimated
as ~45 nm from the SRIM simulation of dopant distribu-
tion (Fig. S3 in [21]), we conclude that the electron mean
free path in our sample is ~4 nm, which is consistent with
the results in literature [25]. Second, (B/J,) = (mv W4/

WoJo) x \/(qWaep/21) =31 V-2 from which we find
W, =1x10°% s7! given J, = 255 A/cm? from the experi-
mental current fitting in Fig. 3(a), Wy =14x
107 em—3eV~1/257! given in Eq. (1) and v, the electron
saturation velocity that often equals to ~107 cm/s in
silicon [26]. The extracted W, is 2-3 orders of magnitude
larger than what we found optically. (The optical emission
probability W, can be found by fitting the transient decay
PL with a stretched exponential function as shown in
Fig. S1d of Supplemental Material [21].) This is either
because strong electric fields can enhance the emission
probability of excited Er ions or due to the overestimation
of leakage current. The third important correlation is
N WL, A. =19 x 10 s7! in which L,, is the length
of optically active region. The depletion region is ~45 nm
wide and L,, is part of it. On the other hand, L,, should
be longer than the electron mean-free path which is
~4 nm. Therefore, it is reasonable to set L, as
~10 nm. Based on these estimated parameters, we find
N,, = 1.9 x 10" cm™3. Secondary ion mass spectrometry
shows the maximum Er doping concentration in our
device is ~7 x 10%° cm™. (The doping profile of Er,
O, and B are shown in Fig. S1 of Supplemental
Material [21].) This indicates that only 2.5% of implanted
Er ions are optically active, which is consistent with our
previous finding by optical excitation [22]. Among these
1.9 x 10" cm™ optically excitable Er ions, up to ~45%
(8.1 x 10'® cm™3) of them are in an excited state at a
maximum reverse bias of V, =11 V. According to the
theory, it can be predicted that a further increase in the
bias voltage will increase the number of Er ions in excited
state although the IQE will decrease. For example, it
is not difficult to find that ~90% optically excitable Er
ions will be in an excitation state at a bias of 18.5 V. To
summarize, we listed in the table of Supplemental
Material, Sec. VI [21] some known parameters from other
sources and those extracted from our fittings.

The number of electrons injected into the reverse
biased p-n junction diode per second is given by
JA,./q where J is the leakage current density, A, is the

c

cross-section area of the conduction channel, and ¢ is the

246901-4



PHYSICAL REVIEW LETTERS 132, 246901 (2024)

unit of charge. The IQE is given by the ratio of r, to
JA,./q as shown in Eq. (5).

10~ NeWalede | ZnVGEN A gNyWoLe:
JAJq  MenqE -K+W, J

(5)

in which L,, is the length of optically active region and v,
is the saturation velocity of electrons. IQE in Eq. (5)
becomes an explicit function of V, after plugging the
empirical expression of J given in Fig. 3(a) with n =
(J/qvy) and the maximum electric field intensity depen-
dent on V.

Figure 3(d) plots the experimentally measured IQE as a
function of reverse bias voltage. IQE increases from 3 V
and starts to drop after reaching the maximum at ~7 V.
Amazingly, this nonlinear dependence of IQE on V, can be
nicely fitted with Eq. (5). From the fitting, we extracted the
parameters that are the same with those from the previous
fitting of the theoretical emission rate with the experimental
rate in Fig. 3(c).

In the end, we need to point out that the increase of
optically active Er ions in the depletion region helps to
enhance the IQE. One possible approach is to reduce the
free carrier concentration of Er/O/B doped Si by fine-
tuning the boron dose so that this Er/O/B region has a low
concentration of free charge carriers. Under reverse bias,
the whole quasi-intrinsic Er/O/B region can be depleted
with a high electric field inside, which will significantly
increase the emission efficiency.

On the other hand, we can reduce the concentration of Er
ions in the optically active region to create a quantum light
source. For example, if there is only one optically active Er
ion in the depletion, a steady state of Eq. (3) cannot be
established, meaning that the only Er ion is either in the
ground state to zero out the right side of Eq. (3) or in
excitation state to zero out the left side. To maintain a stable
periodic flip-flop state (periodic single photon emission), it
is required to have W; > W, . In our case, the impact-
excitation probability W, reaches 1 x 10° s™! = W, at a
bias of 10 V [Fig. 3(b)]. Since such a single photon source is
in silicon, it therefore can be monolithically integrated with
silicon waveguide, modulators, photodetectors, and CMOS
transistors for developing silicon quantum photonics.

Conclusion.—In this work, we fabricated an Er doped Si
light-emitting diode with Er/O and Er/O/B as the n* and
p™ region, respectively. The EL emission at 1.536 pm from
the depletion region of the Si diode is enhanced by 2 orders
of magnitude under reverse bias. The internal quantum
efficiency (IQE) exhibits a nonlinear dependence on
reverse bias, which increases with reverse bias but starts
to decline after reaching a maximum IQE of 0.06% at 7 V.
To theoretically analyze the EL emission, we developed an
impact-excitation theory for hot electrons with high kinetic

energy to excite Er ions by inelastic collision. This theory
allows us to establish a theoretical IQE that fits well with
the experimentally measured nonlinear IQE. From the
fitting, we find that ~45% of the optically active Er ions
are excited by impact excitation, which can be further
increased by increasing the pumping current. The theory
also predicts that a single photon emitter can be built
if there is only one optically active Er ion in the
depletion at a condition of the impact-excitation proba-
bility greater than the radiative emission probability
of Er ions. Although the impact-excitation theory is
derived for Er ions in Si, it can be generalized for
radiative rare earth elements and defects in semiconduc-
tors by impact excitation.
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