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We use femtosecond-laser hyperdoping to introduce non-equilibrium concentrations of sulfur into

silicon and study the nature of the resulting intermediate band. With increasing dopant concentra-

tion, the sub-bandgap absorption increases. To better understand the dopant energetics, we perform

temperature-dependent Hall and resistivity measurements. We analyze the carrier concentration

and the energetics of the intermediate band using a two-band model. The temperature-dependence

of the carrier concentration and resistivity suggests that the dopant concentration is below the insu-

lator-to-metal transition and that the samples have a localized intermediate band at 70 meV below

the conduction band edge. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4890618]

In recent years, advances in doping techniques have

made it possible to achieve non-equilibrium concentrations

of dopants in host materials. Beyond traditional choices of

dopants, hyperdoping silicon with deep-level chalcogen dop-

ants (S, Se, or Te) changes the optical,1,2 electronic,3 and

optoelectronic properties4–6 of Si. These unusual properties

result from the high dopant concentration, which broadens a

dopant energy level into a band,7 often referred to as an im-

purity or intermediate band (IB).8 To develop applications of

deep-level intermediate-band materials, knowledge of the

intermediate band energetics is essential. In this work, we

report the electronic transport properties of Si supersaturated

with S dopants and present methods to identify the energetic

of the intermediate band.

The formation and properties of impurity bands have

been studied in many host materials with shallow dop-

ants.9–11 At a critical concentration, ncrit, electron-electron

interaction leads to a delocalized dopant energy band

instead of a single dopant energy level. Charge carriers can

freely conduct in this delocalized impurity band, giving rise

to a finite conductivity even at temperatures near absolute

zero, and hence the transition to a delocalized energy band

is often referred to as an insulator-to-metal transition. For

samples with dopant concentrations just below ncrit, experi-

ments show that these samples exhibit low-temperature

conductivity due to carrier hopping.12,13 The electron wave

functions are localized, but the temperature dependence of

the carrier concentration does not exhibit any freeze out of

carriers from a single dopant energy level. In order to

describe the observed temperature dependence of the elec-

tronic transport data at concentrations near ncrit, a two-band

model takes both the conduction band (CB) and an IB into

account.14,15

It has been suggested that the efficiency of photovoltaic

cells could be improved by using a deep IB,16 but fabricating

such a band poses a significant challenge. Because of the

low solid solubility of deep level dopants,17 reliable hyper-

doping techniques are required to incorporate high concen-

trations of deep level dopants. Examples of deep level

dopants include heavy chalcogens.18 High concentrations of

chalcogen dopants in Si have been achieved through ion im-

plantation, and several studies have reported low temperature

conductivity of the resulting samples but it is hard to rule out

implantation damage as a cause of this conductivity.19–21

Winkler et al. used ion-implantation followed by

nanosecond-pulsed laser melting to heal the crystal lattice of

S-hyperdoped Si and observed an insulator-to-metal transi-

tion between 1.8 and 4.3� 1020 cm�3.3 In addition to deter-

mining ncrit, understanding the properties of deep-level

impurity bands remains an active area of research.6,7,22–25

In this paper, we use femtosecond-laser hyperdoping26

to introduce non-equilibrium concentrations of S into Si and

report evidence for a localized band formation below the

insulator-to-metal transition. This paper provides analysis

techniques to study deep level hyperdoped systems. We pres-

ent methods to study the low-temperature electronic trans-

port data and identify the location of the IB. As a deep-level

IB is desired for applications such as intermediate-band pho-

tovoltaics,16 these findings are important for evaluating

S-hyperdoped Si for potential photovoltaic applications.

Si wafers (p-type, 10 X cm, (100) orientation) are

cleaned to remove organic and metallic contaminants.27 The

wafers are placed in a chamber and irradiated at normal inci-

dence with Ti:sapphire laser pulses (80-fs pulse duration,

800-nm center wavelength, and 1-kHz repetition rate). The

chamber is filled with sulfur hexafluoride (SF6) gas at a pres-

sure between 0.13 and 13.0 kPa. The laser pulses have an

average energy of 1.0 mJ and are focused to a spot size of

600 lm (FWHM of Gaussian intensity profile), yielding a

fluence of 2.5 kJ/m2. A set of scanning mirrors scans the

laser beam and translates subsequent pulses by 75 lm such

that any given spot in the irradiated region is exposed to

50 laser pulses. After laser irradiation, samples are annealed

at 975 K for 30 min. in an open-tube furnace with a

300-sccm flow of forming gas (95% He, 5% H2). The fabri-

cation process causes surface texturing, which enhances the

absorptance of the sample.28 Using a spectrophotometer

equipped with an integrating sphere, we collect transmission

(Tint) and reflection (Rint) spectra and determine the absorp-

tance (A¼ 1�Rint� Tint). We use secondary ion massa)Email: msher@stanford.edu
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spectrometry (SIMS) measurements to determine the sulfur

concentrations in the samples.

To determine the electronic properties of the samples,

we cut them into 6-mm squares and deposit 1.2-mm square

Ti-Ni-Ag contacts (20–20–200 nm, with the Ti contacting

the Si) at four corners of the samples. We also deposit Al

contacts at the back of the samples for measuring the

current-voltage properties of the junction between the laser-

doped region and the substrate. We focus here only on the

samples annealed at 975 K, because we find that only the

samples annealed at 975 K or higher temperatures exhibit

diode formation between the hyperdoped region and the sub-

strate. A rectifying junction between the hyperdoped layer

(n-type) and the substrate (p-type) isolates the measurement

current to within the hyperdoped layer and allow us to probe

only the properties of the hyperdoped layer. We use the van

der Pauw technique for temperature-dependent resistivity

and Hall measurements.29 To avoid self-heating effects and

minimize measurement errors, we use a constant excitation

power between 25 and 100 nW. Measurement temperatures

between 10 and 300 K are controlled by a closed-cycle he-

lium cryostat. All Hall measurements are performed at a

magnetic field B¼ 0.6 T.

We obtain the sheet carrier concentration ns from the meas-

ured Hall voltage VH using the relationship ns¼ rHIB/(qVH),

where rH is the Hall scattering factor, I is the excitation current,

and q is the elementary charge. If the hyperdoped layer thick-

ness d is well defined, the carrier concentration is nH¼ ns/d. In

this work, we focus our analysis on the temperature dependence

of ns and we normalize ns to the value measured at 300 K. This

normalization allows us to avoid the uncertainty associated with

the thickness d and the Hall scattering factor rH.

Figure 1(a) shows the average sub-bandgap light absorp-

tance of samples hyperdoped at different SF6 pressures. The

data show that the sub-bandgap absorption increases with

increasing SF6 pressure. Annealing decreases the sub-

bandgap light absorption, however, and the post-anneal ab-

sorptance no longer depends on SF6 pressure. This residual

sub-bandgap light absorption of 0.2 could be due to light

scattering out of the integrating sphere. Figure 1(b) shows

the average sub-bandgap absorption and the S dopant con-

centration. Because of the rough sample surface, the SIMS

measurement does not have depth resolution and we report

data averaged over a depth range from 100 to 500 nm. The

SIMS measurements indicate that the S concentration

increases with pressure from 2.0� 1018 to 1.3� 1019 cm�3.

After annealing at 975 K, the SIMS measurements reveal no

difference in S concentration (Table I).

Figure 2 shows the sheet carrier concentration and

sheet resistivity as a function of inverse temperature. The

Hall measurement data indicate n-type carriers for all four

samples over the entire temperature range. Figure 2(a)

shows that the carrier concentration exhibits little tempera-

ture dependence. In contrast, the carriers in the p-type Si

substrate freeze out quickly as the sample cools down.

Fitting the carrier concentration for the p-type substrate

when they freeze out at temperatures between 25 and 82 K,

we obtain a value of 48 6 3 meV for the boron dopant

energy level, in good agreement with the literature value

(45 meV).30 To further investigate the temperature-

dependent carrier concentrations, the inset of Figure 2(a)

shows normalized sheet carrier concentration. We observe a

systematic increase of the normalized carrier at low temper-

ature with respect to room temperature. Notably, samples C

and D have a greater carrier concentration at low tempera-

ture than at room temperature.

Let us now discuss the nature of the IB and present a

model to describe transport properties of hyperdoped Si.

Figure 2(a) shows that the carrier concentration in the hyper-

doped sample does not freeze out as the temperature

decreases, suggesting the formation of an IB where electrons

can conduct at low temperatures. At the same time, because

the resistivity increases as temperature decreases (Figure

2(b)), the samples do not exhibit a metallic-like conduction

so the electron wave function in the IB is not fully delocal-

ized. In other words, the dopant concentration in our samples

is below ncrit, but the transport measurements show band-

like behavior. To analyze the energetics of the dopant elec-

trons we present a two-band (CB and IB) model, taking into

account carrier conduction in both bands.

Figure 3(a) shows a schematic of the two-band model,

with the IB isolated from the CB. If the carriers in the IB are

mobile, they contribute to the transport measurement. We

FIG. 1. (a) Absorptance of

S-hyperdoped Si before and after

annealing. After annealing, the sub-

bandgap absorptance between different

samples are the same, so for clarity,

only one curve is shown. (b) Average

sub-bandgap absorptance and sulfur

concentration of samples hyperdoped

at different pressures of SF6.

TABLE I. Sulfur concentrations and two-band model fitting results for sam-

ples hyperdoped at different SF6 pressures.

Sample

SF6

pressure

(kPa)

SIMS S

concentration

(1018 cm�3)

Two-band model

Nd

(1018 cm�3)

DE
(meV) b

A 0.13 2.0 6 0.3 … … …

B 1.3 6.7 6 1.0 0.002 150 6 60 4.4

C 2.6 … 0.4 6 0.2 80 6 10 4.7

D 13.0 13 6 2 1.1 6 0.6 70 6 10 6.4

D no ann 13.0 16 6 2 … … …
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denote the energy gap between the two bands by DE, and the

mobilities of the carriers in the CB and IB by lc and li,

respectively. The concentration of carriers in the CB and IB

are nc and ni, respectively. We use subscripts c, i, and, H to

denote properties of the CB, the IB, and the transport meas-

urements, respectively. The measured conductivity rH is the

sum of the contribution to the conductivity from each of the

two bands, rH ¼ rc þ ri ¼ e ðnc lc þ ni liÞ. The measured

Hall carrier concentration, nH, is given by14

1

nH

¼ rc

rH

� �2 1

nc

þ ri

rH

� �2 1

ni

: (1)

At high temperature, most carriers are excited into the CB,

so nH is approximately equal to nc, and the measured carrier

concentration is just due to the carriers in the CB. At low

temperature, all the carriers are in the ground state, so nH is

approximately ni. At intermediate temperatures, Eq. (1)

implies that nH exhibits a minimum. Figure 2(a) shows the

characteristic shape of the nH curve as a function of inverse

temperature: a minimum dip followed by a temperature-

independent line at lower temperatures.13 To simplify

Eq. (1), we define b¼lc/li and x¼ ni/nc. This yields

nH ¼ nc

bþ xð Þ2

b2 þ x
: (2)

Emelyanenko et al. assume that b depends much more

weakly on temperature than x, so b can be approximated as a

constant in Eq. (2).14 With that approximation, it is straight-

forward to describe the transport data with semiconductor

statistics.

To calculate nH we assume the width of the IB to be

small compared to DE and,14 because our experiment focuses

on the transport properties at low temperature, we approxi-

mate the material as a single donor system.31 With these sim-

plifications, the concentration of carriers in the IB is given by

ni ¼ Nd

1þ1
2
eðEd�Ef Þ=ðkTÞ, where Nd, Ed, and Ef are the donor concen-

tration, dopant energy level, and the Fermi level, respec-

tively; T is the temperature, k is the Boltzmann’s constant,

and the factor 1/2 in the denominator indicates the band is

localized.11 Furthermore, we assume our material system is

in a non-degenerate regime and solve nc using both Fermi sta-

tistics, nc ¼ NceðEf�EcÞ=ðkTÞ, and conservation of charge car-

riers, nc ¼ Nd � Na � ni, where Nc is the effective density of

states in the CB, and Na is the concentration of compensating

acceptors.32 The solution for nc is 1
2
ð�Na � Nc

2
e�DE=ðkTÞ

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðNa � Nc

2
e�DE=ðkTÞÞ2 þ 2NdNce�DE=ðkTÞ

q
Þ and for ni is

Nd�Na� nc. Finally, with b constant, we can calculate nH

FIG. 2. Temperature-dependent transport measurements: (a) sheet carrier

concentration, and (b) sheet resistivity. Samples A, B, C, and D refer,

respectively, to Si hyperdoped at different SF6 pressures and followed by a

30-min annealing at 975 K. Sheet carrier concentration data for the Si sub-

strate (p-type) are shown for comparison. Normalized carrier concentration

is shown as an inset in (a).

FIG. 3. (a) Two-band model sche-

matics. (b) Normalized carrier concen-

trations of sample B, C, D, and fitted

curves. Measured data are shown in

dots; blue solid lines are fitting results.

For Sample D, values of ni (green) and

nc (gray) are also shown.
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using Eq. (2) and fit our data using Nd, DE, and b as adjusta-

ble parameters.

We performed a least-squares fit of the normalized data

shown in the inset of Figure 2(a). As stated earlier, normaliz-

ing the data eliminates the sample thickness d from the analy-

sis and so nsðTÞ=nsð300 KÞ ¼ nHðTÞ=nHð300 KÞ. The quality

of the fit depends only weakly on Na, and so we excluded Na

from the fitting routine (Na¼ 0). Figure 3(b) shows the result-

ing fits and Table I gives the fitting parameters. For sample

D, we also plot ni and nc to show the distribution of carriers

in the two bands. Table I shows that Nd (1018 cm�3) is much

smaller than ncrit for Si:S (1020 cm�3).3 Moreover, DE
(>70 meV) is large, indicating that the IB is isolated from the

CB. The combination of small Nd and large DE allows us to

treat the system as a non-degenerate system.31

The analysis presented above has two shortcomings.

First, as can be seen in Table I that Nd accounts at most for

10% of the S dopants determined from the SIMS measure-

ment. Similar experiments have also reported that more than

90% of the S dopants in hyperdoped Si are not electrically

active as electron donors.33,34 Second, we cannot obtain a

good fit for the sample with the lowest dopant concentration

(Sample A), because ns is smaller at low temperatures,

whereas the two-band model implies that nH is at maximum

at low temperature when all the carriers are in the IB

(Eq. (1)). These discrepancies could be due to additional iso-

lated energy levels.35 Another possibility is that the inhomo-

geneous dopant concentration as a function of depth causes a

partial freeze out of the carriers. Both the presence of addi-

tional isolated energy levels that are not electrically active

and a variation in dopant concentration could cause the

measured value of the carrier concentration to be lower than

the dopant concentration.

Below the insulator-to-metal transition, the electron

wave functions in the IB are localized, and carriers in the IB

contribute to the conductivity by hopping from occupied

states to empty states.13 Because an activation energy is

associated with carrier hopping, the conductivity decreases

as temperature decreases. By fitting the measured conduc-

tivity data below 25 K to an Arrhenius equation, we obtain

an activation energy of 0.53 6 0.04 meV, consistent with

hopping. Carrier hopping requires the presence of empty

states or compensating acceptors (Na).36 When compensat-

ing acceptors are present, electrons occupy the compensat-

ing states, leaving behind empty states in the IB and

enabling carriers in the IB to conduct by hopping from occu-

pied states to empty states. While the presence of an activa-

tion energy supports hopping conduction, we do not know

the origin of the compensating acceptors. In addition to the

boron acceptors in the Si substrate, compensating acceptors

could also be created during the hyperdoping or annealing

process.21

The presence of a localized IB in samples where the

sub-bandgap absorption is reduced by annealing

(Figure 1(a)) implies that a localized IB does not necessarily

give rise to sub-bandgap absorption. Consistent with our

two-band model result, a narrow IB 70 meV below the CB is

likely too shallow and narrow to contribute to broadband

light absorption. Currently, annealing is necessary for carry-

ing out Hall measurements and for the fabrication of devices,

but we do not know how the band structure changes during

annealing. Samples without the annealing treatment exhibit

significant sub-bandgap absorption, so it will therefore be

important to study the electronic properties of hyperdoped

silicon before annealing. To this end one needs to reduce the

laser irradiation damage so as to obviate the need for

annealing.

We fabricate S-hyperdoped Si using femtosecond-laser

hyperdoping at different SF6 pressures. Our study shows that

a localized IB does not necessarily give rise to sub-bandgap

absorption. After furnace annealing, the sub-bandgap light

absorption is significantly reduced, but the dopant concentra-

tion is sufficient to form a localized IB below the insulator-

to-metal transition. Analyzing the temperature-dependent

electronic transport data, we find that at the highest dopant

concentration (1.3� 1019 cm�3), the IB is 70 meV below the

CB minimum. This letter demonstrates how to extract a deep

level IB location from a transport measurement, and the two-

band model should be useful for analyzing IB energetics in

other material systems for bulk IB devices, including

photovoltaics.
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