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Intermediate-band materials have the potential to be highly efficient solar cells and can be fabricated

by incorporating ultrahigh concentrations of deep-level dopants. Direct measurements of the ultrafast

carrier recombination processes under supersaturated dopant concentrations have not been previously

conducted. Here, we use optical-pump/terahertz-probe measurements to study carrier recombination

dynamics of chalcogen-hyperdoped silicon with sub-picosecond resolution. The recombination dy-

namics is described by two exponential decay time scales: a fast decay time scale ranges between 1

and 200 ps followed by a slow decay on the order of 1 ns. In contrast to the prior theoretical predic-

tions, we find that the carrier lifetime decreases with increasing dopant concentration up to and above

the insulator-to-metal transition. Evaluating the material’s figure of merit reveals an optimum doping

concentration for maximizing performance. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4892357]

Incorporating a non-equilibrium concentration of deep-

level dopants creates materials with unique optical,

electronic, and optoelectronic properties, with potential appli-

cations to infrared detectors and intermediate-band photovol-

taic (IBPV) devices.1–3 Defect engineering enables control of

the band structure of semiconductors, leading to an additional

energy band within the band gap and possibilities for harvest-

ing additional energy from low energy photons which nor-

mally would not be absorbed by a traditional single-junction

solar cell.4 Many potential IB materials have been developed,

since the IBPV concept was proposed in 1997, but none has

shown efficiency improvements.5 In this work, we study car-

rier dynamics to understand the impact of ultrahigh dopant

concentration (N) on carrier lifetime, investigating a theoreti-

cally proposed hypothesis that nonradiative recombination is

suppressed at dopant concentrations sufficient to induce an

insulator-to-metal transition (IMT).6 We use optical-pump/

terahertz-probe techniques to directly measure carrier recom-

bination time-scales in chalcogen-hyperdoped silicon (HD-

Si) and show that lifetime recovery does not occur above the

IMT. It is shown nevertheless that there is an optimal dopant

concentration at which the IBPV performance figure of merit

is optimized.

Determining carrier lifetime in an IB material is critical

because only carriers with sufficiently long lifetime can be

extracted from the material before the energy is lost to carrier

recombination. Deep-level states exhibit strong Shockley-

Read-Hall nonradiative recombination; the recombination rate

increases with density of the deep-level states and hence the

carrier lifetime is reduced.7 The lifetime recovery proposal

hypothesizes that when carrier concentration is sufficiently

high such that the deep-level states form a delocalized band

nonradiative recombination is suppressed.6,8,9 Many research

efforts have focused on fabricating materials with N above the

IMT for IB formation, but the lifetime recovery theory has not

been carefully tested. From a more general perspective, knowl-

edge of carrier dynamics in an IB material enables evaluation

of the material’s potential for a successful IBPV. A figure of

merit proposed in Ref. 10 quantifies the tradeoff between the

carrier lifetime and the sub-band-gap absorptivity, is a property

of the IB material alone, and allows determination of the

potential of an IB material to make a highly efficient IBPV.

Chalcogen-hyperdoped Si has been a proposed IB mate-

rial and is ideal for this study since many relevant material

properties have been previously reported. When heavy chalc-

ogen (S, Se, or Te) dopants are incorporated into Si at con-

centrations near atomic percent level, the resulting material

exhibits strong sub-band-gap light absorption.11,12 The IMT

has been experimentally observed in this system at N around

3� 1020 cm�3.13 Microwave photoconductivity decay and

low-temperature photoconductivity measurements on carrier

dynamics in this material lack the time-resolution required to

measure the lifetime directly.14–16 Similar to microwaves,

THz radiation is long-wavelength electromagnetic radiation

and is sensitive to free charge carriers. Moreover, sub-

picosecond-duration THz pulses can be straightforwardly

generated, enabling direct mapping of the carrier recombina-

tion dynamics on picosecond time scales.17

To fabricate S- and Se-hyperdoped Si samples, we use

ion-implantation followed by nanosecond pulsed-laser meltinga)msher@stanford.edu
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and rapid resolidification, a well-established method for fabri-

cating high quality single crystalline samples with N above the

equilibrium solid-solubility limit.18 Variation in N is achieved

by varying the implantation dose ranging from 1� 1014 to

1� 1016 ions/cm2. The Si wafers used are 800-lm thick,

double-side polished and p-type (boron doped with resistivity

of 10–30 X � cm). The surface of the wafers is amorphized by

the implants, so following ion-implantation, we irradiate the

samples with four XeCl excimer laser pulses (308 nm wave-

length, 25 ns in pulse duration, and 2 mm� 2 mm spot size) to

restore the crystallinity. Detailed fabrication parameters13 and

crystalline characterization19 are documented elsewhere. The

resulting hyperdoped material is approximately 200-nm

thick and has N ranging from 3.6� 1018 to 4.9� 1020

atoms/cm3.13,20,21

We perform time-resolved optical-pump/THz-probe

measurements, monitoring THz transmission as a function of

time up to 1 ns after pump excitation. Amplified femtosecond

laser pulses (800-nm center wavelength, 1.7-mJ pulse

energy, 50-fs pulse duration, and 1-kHz repetition rate) are

used for THz generation, detection and photoexcitation. The

THz probe pulses are generated from a two-color laser-

induced gas plasma and detected by electro-optic sampling

in a 1.0-mm thick h110i ZnTe crystal, directly measuring the

transmitted electric field of the probe pulses.22 To selectively

excite the thin hyperdoped layer and avoid carrier generation

in the Si substrate, we frequency double the pump pulses to a

center wavelength of 400 nm using a thin beta barium borate

(BBO) crystal. Samples are excited from an oblique angle,

focused to a 2-mm diameter spot with fluence of 20 lJ/cm2.

In order to selectively excite carriers in the IB, we also per-

form pump-probe experiments with sub-band gap excitation.

Pump pulses at 2300 nm are generated from an optical para-

metric amplifier and focused on the samples at a fluence of

64 lJ/cm2. After photoexcitation, no phase shift is observed

in the transmitted THz pulse and we record transmission

change at the maximum of the THz pulse (shown in supple-

mentary material).23

We describe first how the time-dependent changes in

THz transmission reflect changes in conductivity, Dr, and in

the density of free carriers, Dn.24,25 The amplitude transmis-

sion T of a thin film with conductivity r is given by

TðtÞ ¼ 2
1þnSiþZ0drðtÞ, where d is the thickness of the hyper-

doped layer, approximately 200 nm, nSi is the index of

refraction of the Si substrate (nSi¼ 3.41),26 and Z0 is the im-

pedance of free space (Z0¼ 377X).24 The normalized change

in THz transmission as a function of time is

�DT tð Þ
T0

¼ r tð Þ � r0

r tð Þ þ 1þ nSi

Z0d

; (1)

where r0 is the initial conductivity in the sample before pho-

toexcitation and T0 is the initial THz transmission. We

assume that the mobility of carriers, l, is invariant on the

time scale we are probing,27,28 so that the change in conduc-

tivity is directly proportional to the change in carrier concen-

tration r(t) – r0¼Dr(t)¼ qlDn(t), where q is the elementary

charge. Both free electrons and free holes attenuate THz

transmission, but since the electron mobility is larger than

the hole mobility, we assume the signal is dominated by the

free electron density. We show later by only generating free

electrons with 2300-nm excitation wavelength that indeed

the free electrons are the dominant contribution to the

detected THz conductivity signal. By solving Eq. (1) for

Dr(t) and substituting with qlDn(t), we obtain the normal-

ized change in carrier concentration as a function of THz

transmission as follows:

Dn tð Þ
n0 þ A

¼ �DT tð Þ=T0

1þ DT tð Þ=T0

; (2)

where A ¼ 1þnSi

Z0dql. Using Eq. (2), we calculate the change in

carrier concentration as a function of time.

Figure 1 shows the measured time-dependent carrier con-

centration in S-hyperdoped Si after 400-nm photoexcitation.

We also study the carrier dynamics in Se-hyperdoped Si

obtaining similar results (see supplementary material).23 In

Figure 1, the fluence of the pump pulse is fixed at 20 lJ/cm2,

so Dn is the same across all samples (Dn� 2� 1018 carriers/

cm3 per pulse), but we find that recombination dynamics is

independent of pump fluence in the fluence range studied

between 20 and 200 lJ/cm2. With increasing N, carriers relax

toward equilibrium faster. We model our data with a bi-

exponential decay convoluted with the instrument’s response,

Gðt� t0Þ � ða1 expð�ðt� t0Þ=sfastÞ þ a2 expððt� t0Þ=sslowÞÞ,
where a1 and a2 show the relative weights (a1þ a2¼ 1).29

The instrument’s response G(t – t0) is determined by the geo-

metric crossing angle of the pump and the probe beam and is

a Gaussian function with 700 fs full-width-half-maximum

centered at time zero t0. Fit results are shown in the dashed

lines in Figure 1. Figure 2 summarizes the dependence of life-

time on N. The best fit result suggests sslow is on the order of

1 ns and sfast decreases with increasing dopant concentration

approaching 1 ps at the highest concentrations measured. The

best fit values for a1 increase with N and are given in supple-

mentary Table 1;23 in the high N limit, sslow plays a small

role in the photoconductivity decay. Further discussion of the

origin of sslow and sfast is presented below.

FIG. 1. Change in free carrier concentration in S-hyperdoped Si after photo-

excitation with a fs-laser pulse at 400 nm. Inset shows short time scale dy-

namics. We model the data with a bi-exponential decay and the dashed lines

show the best fits.

053905-2 Sher et al. Appl. Phys. Lett. 105, 053905 (2014)
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As controlled measurements (see supplementary mate-

rial),23 we measure the carrier dynamics of two control sam-

ples: a bare Si substrate and an amorphous silicon sample

that was amorphized by the implanted ions but was not

treated with the ns-laser melting procedure. For the bare Si

substrate after photoexcitation, the change in THz conductiv-

ity shows no appreciable decay within the 1-ns duration we

probed, reflecting long carrier lifetimes as expected. For the

amorphous silicon sample, the change in THz transmission

is small (25 times smaller than the smallest time zero

response shown in Figure 1) and quickly decays to zero

within 2 ps, two orders of magnitude faster than the equiva-

lent pulse-laser melted sample. Both controlled measure-

ments agree with the reports in the literature.26,30

Since illuminating samples with light at 400 nm creates

carriers from both the valence band and the IB to the conduc-

tion band, the excited carriers may decay through different

pathways. Furthermore, the hyperdoped layer is thin enough

that about 10% of the 400-nm pump photons are absorbed

deeper than 200 nm, at which point the dopant profile is no

longer uniform and decreases toward zero on an approxi-

mately 100-nm length scale.21 To verify the origin of the

short time carrier dynamics observed in the sample, we car-

ried out pump-probe experiment with pump wavelength at

2300 nm, which has energy less than the band gap energy of

Si, and the only excitation pathway is from the IB to the con-

duction band (illustrated in Figure 3). Figure 3 shows that

the conductivity decay dynamics is identical for both pump

wavelengths, suggesting the dynamics observed here is

dominated by carriers relaxing from the conduction band to

the intermediate states within the band gap.

We emphasize that in an intermediate band solar cell, the

electrons in the conduction band must maintain a different

quasi-Fermi level than that in the IB, so even if thermal ree-

mission from trap states is possible, it cannot help IBPV per-

formance.4 Thus, sfast is the relevant time scale for this work,

as it characterizes the reestablishment of equilibrium between

the conduction band and the IB carrier concentrations. There

are a number of possible reasons why sslow is required to

describe the photoconductivity decay. For example, the com-

bination of carrier diffusion28,31 and inhomogeneity of N as a

function of depth11,21 introduces additional slow decay path-

ways. As electrons diffuse away from the hyperdoped region

into regions with lower N and higher carrier lifetime, the elec-

trons sample a range of longer lifetimes which may give rise

to the observed slow decay. This is supported by the fact that

the relative weight a2 is larger for longer sfast increasing the

time for diffusion into the inhomogeneous region.

Alternatively, a fraction of the carriers initially generated in

the hyperdoped region could diffuse into the substrate, which

has a long lifetime. sslow then characterizes the time for them

to diffuse back into the hyperdoped region to recombine, with

a2 corresponding to the fraction of carriers that reach the sub-

strate. Given the carrier mobility in these sample ranges from

40 to 1000 cm2 V�1 s�1,23 the diffusion length in sfast increase

from 10 nm for high N to 700 nm for low N, comparable to

the thickness of the hyperdoped layer for low N. For high N,

more than 80% of the photoexcited carriers are trapped within

20 ps. In chalcogen-hyperdoped Si, the threshold N for the

FIG. 2. Carrier lifetime as a function of dopant concentration for both S-

hyperdoped (black) and Se-hyperdoped Si samples (gray). sfast (filled

circles) and sslow (open circles) are the two decay time scales from in the

model fit. The vertical line indicates the concentration at which the insula-

tor-to-metal transition occurs.13 Inset shows normalized 1/(Nsfast) for Sulfur-

hyperdoped silicon as a function of dopant concentration.

FIG. 3. Comparing changes of THz

conductivity at different pump wave-

lengths at 400 nm (thin lines) and at

2300 nm (thick lines) and the data

show the dynamics is independent of

the pump wavelengths. For excitation

at 2300 nm, the pump beam is not

completely absorbed, and the second

pulse at 20 ps is due to reabsorption of

the back-reflected light. Schematic on

the right shows pump-probe experi-

ment and the excitation pathways in

HD-Si samples. The thickness of HD-

Si (200 nm) and Si (800 lm) is not

drawn to scale.

053905-3 Sher et al. Appl. Phys. Lett. 105, 053905 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

137.122.153.101 On: Thu, 07 Aug 2014 17:30:39



IMT is determined by measuring temperature-dependent con-

ductivity and the transition occurs around 3� 1020cm�3 both

S dopants and Se dopants.13 Figure 2 shows that the sfast con-

tinues to decrease for samples with concentrations above the

transition threshold. Additional information can be obtained

by comparing sfast to the electron trapping time se0 in

Shockley-Read-Hall recombination. The rate at which an

electron in the conduction band is trapped by a set of empty

trap states can be described by 1=se0 ¼ NT�threð1� f Þ, the

product of the density of the traps NT, the thermal velocity of

electrons �th, the electron capture cross section re, and the

probability that a trap state is empty (1 – f), where f is the fill-

ing fraction.7 Inset of Figure 2 shows normalized 1/(Nsfast)

and suggests that the electron trapping rate is increasing faster

than N. The electron trapping rate increases could either be

due to an increase of re, contradicting the lifetime recovery

theory or from carrier compensation and reduction of filling

fraction f; no evidence for lifetime recovery is observed.

Finally, for each of the S-hyperdoped Si samples, we

evaluate the figure of merit, which characterizes the potential

for the material to produce excess electrons despite the short

lifetimes.10 The figure of merit captures the balance between

the absorption and recombination processes in the IB mate-

rial and is written as, � � Eg

q a2ls where a is the sub-band

gap absorption coefficient, l is mobility of the carriers, and

Eg is the band gap energy.32 For � � 1, charge carriers can

easily transport across the device layer and hence a solar cell

made from such material generates additional power from

the sub-band gap photons.33 The figure of merit can be eval-

uated for both electrons and holes. Since the quasi-Fermi

level splitting is required for IBPV, both electrons and holes

need to have a high figure of merit to achieve enhanced effi-

ciency compared to a single junction device. With the carrier

lifetimes obtained in this work, the figure of merit for elec-

trons can be directly calculated using the measured sfast for

carrier lifetime with values for a and l obtained from Refs.

12,16, and 34 (see supplementary material).23

The calculated figure of merit is shown in Figure 4 and

shows that there is an optimal N for the highest figure of

merit. For the sample with S concentration at 1.2� 1020cm�3,

the figure of merit from our result is consistent with previous

reports.16 Our data show that at N above the IMT, the sample

has the lowest figure of merit (0.04). On the other hand, the

highest figure of merit is just below 0.5 in a lower dose sam-

ple with S concentration at 1.4� 1019cm�3.

By examining limiting cases, we show that the figure of

merit as a function of N would exhibit a maximum peak.

Previous measurements show that a is proportional to N.12

For low concentrations, l is independent of N, and assuming

constant re and f at dilute concentrations, s is proportional to

1/N. So at dilute concentrations, the figure of merit has a lin-

ear dependence on N approaching zero at low concentrations.

One the other hand, at high concentrations, we show that s
decreases faster than 1/N (Figure 2 inset), and when carrier

scattering is dominated by impurities rather than phonons, l
is proportional to 1/N.35 In a highly doped regime, the figure

of merit then decreases with increasing N. Consistent with

our observations, the limiting cases suggest that there is an

optimal dopant concentration at which the figure of merit for

electron is maximized. In chalcogen-hyperdoped Si, the

most promising IBPV material is a sample with N signifi-

cantly below the IMT.

In conclusion, we present optical-pump/THz-probe

measurements of carrier dynamics in chalcogen-hyperdoped

Si. The recombination dynamics is described by two expo-

nential decay time scales. The fast decay time scale, corre-

sponding to trapping an electron from the conduction band

to the IB, ranges between 1 and 200 ps, and the slow decay

component is on the order of 1 ns. No evidence for lifetime

recovery is observed, and carrier lifetime continues to

decrease with increasing N. The picosecond lifetime meas-

ured using this technique enables direct evaluation of materi-

als potential for IBPV devices. We show that without

lifetime recovery, the highest figure of merit in chalcogen-

hyperdoped Si occurs at N significantly below the IMT.
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