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Optical pumping of 2°Si nuclear spins in bulk silicon at high magnetic field and liquid helium
temperature
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High nuclear spin polarization is required for nuclear-spin based quantum computers and it also serves as a
probe to investigate electron-nucleus cross-relaxation processes in solids. To incre&Sé potarization in
bulk silicon, we have explored the dynamic-nuclear-polarization capabilities of optical pumping at a tempera-
ture of 4 K and a magnetic field of 7 T with #Si-enriched sample. Th&Si signals are observed with
nuclear-magnetic-resonance spectroscopy. We have demonstiategblarizations up to 0.25%, nearly an
order of magnitude larger than the previous optical-pumping record. Data analysis has stimulated the investi-
gation of above-band-gap excitations. Our preliminary experiments in this regime look promising for further
increases irt°Si polarization in the sample volume close to the exposed surface. We have also investigated the
dependence of th&’Si polarization on temperature, magnetic field, and doping.
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[. INTRODUCTION and above the indirect band gap of silicon, motivate the con-
. ] ) tinuation of the optical pumping research in silicon.
Intensive experimental efforts to fabricate quantum com- \ye present optical pumping experiments with silicon in a
puters have been made over the past few years. After severﬁqlgh magnetic field(B,=7 T) and at low temperatures
proof-of-principle demonstrations with liquid-state nuclear- (T=4 K). Our largesSi polarization so far is 0.25%. We
magnetlc-resonancé\lMR_) quantum computefs? _the ex- argue that the increase of tHéSi polarization with laser
perimental focus has shifted toward the fa_bncauon. of mor ower at a fixed wavelength is due to a better preservation of
scalable quantum computers. One promising architecture i§, 1o _thermal free-electron spin polarization as the laser
the solid-state nuclear-spin-based arch|tgc?1:ﬁeln the power increases. Based on this model, we make predictions
silicon-based proposals of Eh's archﬂectﬁ:_?et Is required  5pout the maximum achievabfési polarization and we de-
that the polarization of thé'P nuclear spins and th&Si i ihat excitation high above the band gap is promising for

nuclear spins, respectively, are larger than 10% for an effiy o ica) realizations of larg®si polarizations. We present
cient operation of the quantum computer. Such high nucleaaata on the®Si polarization as a function of laser wave-

spin polarizations are in sharp contrast with the low thermal]ength and preliminary experiments confirm that excitation

equilibrium values. above the band gap is promising. We also present data on the

Optical pumping in silicon to increase nuclear spin polar—OI ; o :
o X . ependence of the&Si polarization on temperature, magnetic
izations was first demonstrated in the late 1960s by Laﬁlpelﬁe% and doping P P 9

Bagraevet al. continued this researland explored in more
detail the impact of several parameters, in particular the ef-
fect of impurities. Their largest’®Si polarization was
0.03%?1° The main focus of the semiconductor optical-
pumping research, however, has been on gallium arsenide The light source is a continuous-wave single-frequency
(GaAs, where optical pumping effects are very strong be-Ti: Al ,O4 laser of Spectra-Physid#ountain View, Califor-
cause GaAs is a direct band-gap matéefialhe GaAs re- nia 94043, USA, which has been specially designed for high
search has evolved from an investigation of the opticabower emission at long wavelengths. The spectral width of
pumping mechanism in bulk GaAs, to a study of the properthe laser beam is smaller tham\ =15 GHz. Irradiation of
ties of quantum-confined electrons in GaAs quantum wellshe sample, which is mounted in the holder of an NMR
and more recently to a study of optical pumping effects inprobe, occurs through the top glass plate of the probe and
quantum dotd?12 In silicon on the other hand no optical reflections of the laser beam off of this glass plate are used
pumping research has been pursued for about two decad@s alignment verificatiort” The laser light is linearly polar-
and the regime of high magnetic fiel§>1 T) and liquid ized such that electron®nd holes with zero spin polariza-
helium temperatures has not yet been explored. The recetibn are injected.

availability of 2°Si-enriched single-crystal silicor;*6which The NMR probe is inserted in a continuous-flow cryostat
provides an NMR-signal increase of a factor of 20 compareaf Oxford InstrumentgAbingdon, Oxfordshire 0X13 5QX,

to naturally-abundant silicon, together with the availability United Kingdon), which allows one to cool down the
of a Ti:Al,Oglaser which allows optical excitation below sample to 4 K. A cernox temperature sensor is installed close

Il. EXPERIMENTAL SETUP
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to the sample and in good thermal contact with the sarffple.
With a temperature control system, fluctuations of less than
AT=0.5 K are achieved at liquid helium temperatures.

The cryostat is located in the bore of a superconducting
magnet(By,=7 or 2 T, with correspondingf’Si resonance
frequencies offfgm}%rz 59.58 MHz andf}!,,=18.13 MHz,
respectively. The “°Si NMR signals are recorded with a _
home-built NMR spectrometer. The sign of the NMR signals 1] R, ERPTR U SR NNS SOY Q wmswimesbe s .
and of the spin polarization is determined by the orientation T ° °
of the spin with respect to the external magnetic field. Since Z -100r ¢ - ° o ]
the gyromagnetic ratio of°Si is negative, the thermal equi- &ﬁ'_’ o o 0©
librium 2°Si polarization is negative. 200 > 100 2

All samples used in this study are single-crystal silicon (a) Laser output power [mW]
and are mounted with thEL00] crystal axis parallel to the
magnetic field. Naturally-abundant silic682.2%2%Si, 4.7% 04 ' '
295, 3.1%°%Si) is used for a few experiments. However the : :
small 2°Si isotopic content, wittf°Si being the only isotope 0.3r
with nonzero spinl=1/2), results in very weak NMR sig-
nals. For most of our experiments, we have therefore used i 0.2r
#si-enriched sample with 2.4%Si, 96.9%2°Si, and 0.7% ‘
3OSi_ Since thezgsi content of thezgsi-enriched sample is @ Ok
about 20 times larger than in naturally-abundant silicon, the
NMR signals are 20 times larger. The time to obtain an ob- ok o
servable?®Si NMR signal can therefore be shortened with a =
factor of 20, which is very valuable in view of the loAgSi .
nuclear-spin relaxation timeg;' at 4 K. This ?°Si-enriched 0 1072
sample has been fabricated as part of a research project. THb) Laser output power [mW]
sample has a cylindrical shape with an approximate diameter _ _ ) _
of 8 mm and a height of 4.5 mm. A phosphorus content of FIG. 1. (Color ogll_ne) Optical pumping data as a function of
1-2% 10% cmi 3 has been measured, as well as an antimon)lfaser power for the%Si-enriched sample after irradiation with lin-

content of less than 16cm3. The sample dislocation den- €1y polarized laser light of wavelengtpnoor=1024.8 nm at
sity is expected to be larger than31€m2 T=4 K andB,=7 T. (a) 2°Si NMR-signal intensity after 30 min of

laser irradiation. The dashed line represents 48 NMR-signal
intensity after 30 min in the dark. The NMR-signal intensity
Ill. SILICON BAND STRUCTURE is given by the area underneath the real part of the Fourier trans-
form of the free induction decafFID). (b) Steady-staté®Si polar-

_ 1819 o ization as a function of laser power. The solid line represents our
atT=4 K)™and therefore the band-to-band transitions Al€neoretical model which will be derived in Sec. IV B. The dashed

phonon-assisted. AT=4 K only transitions with phonon jine corresponds to the thermal-equilibrium polarizatiefg at
emission occur. The energies of the three dominant phonofi=4 Kk andBy=7 T. The actual laser power penetrating into the
reservoirs, assisting band-to—band transitions, Bfgnon  sample is estimated to be 40+10% of the displayed laser output
=18.2 meV (transverse acoustical—JAEnonoi=55.3 MEV  power. The maximum laser power used for the experiments is about
(longitudinal optical—LQ, and Epono=57.5 MeV (trans- 500 mW because the cooling capability of the system is not suffi-
verse optical—TQfor transitions at the band gapBecause cient to keep the temperature Bt4 K when higher laser powers
photon absorption and emission are three-particle processese used.

the photon absorption process is wedkng absorption

lengthg and the radiative lifetime of electronic carriers is length for short-duration optical pumping experimetgse
long. Sec. V, Fig. 4.
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29Si

Silicon is an indirect band-gap materi@;,q=1.170 eV

IV. RESULTS AT Apnoton=1024.8 NM AS A FUNCTION OF A. Experimental data

LASER POWER Figure ¥a) displays the?>Si NMR-signal intensity as a

To gain insight in the optical pumping mechanism, thefunction of laser power after optical pumping for a time
29Si NMR-signal interrggity has been recorded as a function ofi =30 min. The experimental sequence is
laser power for our-*Si-enriched sample at=4 K and o
Bo=7 T. The laser wavelength is\po0=21024.8 Nnm SAT—n - DET, @
(Ephotor=1.210 €V, which corresponds to the above-band-with SAT a saturation NMR pulse sequence, which removes
gap transition with TA-phonon emission. This wavelength isany existing?°Si spin polarization and which consists of a
chosen because of the experimentally favorable conditiotrain of 7/2-pulses which are separated by a time longer
that the largest®Si NMR signals are obtained at this wave- than the?Si nuclear phase relaxation time, with the laser
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irradiation time, and with DET the detection of tH&Si about 1200 h in the dark and has decreased to 65 h at

NMR signal with am/2-pulse[see inset to Fig. @]. The 50 uW. This decrease of;' with increasing laser power is

data are reproducibl@Ehanges of less than 20% for separateexpected as more electronic carriers are created which can

cooldowns of the setymnd the data are not affected by the relax the nuclear spin system. At higher laser powers there is

presence of laser light during data acquisition. a slow increase iﬁ'f' with increasing laser powers, which is
We have performed longer optical pumping experimentsurrently not understood.

(1.~50 h) to derive the steady-statéSi polarizationP5ys,

as a function of laser power. The results are presented in Fig. B. Theoretical model
1(b). To obtain the steady-state polarization, the buildup of _ o )
295j polarization is probed at regular intervé®sto 4 h dur- The observed dynamic nuclear polarizati@NP) is due

to cross relaxation of th&Si nuclear spins with non-thermal
electron spingOverhauser effeff? The effect of holes will

be neglected because of the small hyperfine interaction of
holes, which results from the purefbytype nature of the hole

/ P i 29q;

the probing data provides the valuesREs, (and Tf') pre- wave function in the valence band of silicéhThe “°Si po-

sented in Fig. (). Since the irradiation timey is shorter larization induced by non-thermal free electron spins is first

thanTS' steady state is not reached within the duration of the€termined.

experiment. However, the irradiation time is long enough to_ 1he rate equation for the free-electron spin polarization
allow a reliable curve fit through the probing data. P, assuming very weak cross-relaxation processes, is

The largest value dP55¢; we have recorded is 0.25f6ee

0
data point atPj,5.=300 mW in Fig. 1b)]. Our maximum %:_@,
polarization is therefore a factor of 7 larger than the thermal- dt S
equilibrium polarizationP9y; and nearly an order of magni-
tude larger than the previous optical-pumping recérd.

The conversion from NMR-signal intensity to spin po-
larization P, necessary for the derivation &y, is tem-
perature dependent and is based on the following formula:

ing the irradiation timer, by sending very small tip-angle
pulses(5° or below. It is assumed that the buildup of the
29Si polarization toward its steady-state valBgy; is char-

acterized by a single time constaRf. A curve fit through
S

3

with Pg the thermal-equilibrium free-electron spin polariza-
tion and 75 the free-electron spin relaxation time. At
T=4 K there are no free electrons. When optically injecting
free electrons with a lifetime, and with a spin polarization
Py, the deviation from equilibrium of the steady-state free-
Pr=17/ 1500 k X Qaoo k/ Q1 X Paoo K (2)  electron spin polarizatioRg® is therefore given by

with Q; the Q-factor of the NMR probe at the given tem- APZS=PZS- P, 4
perature, l3o9 k the experimentally determined thermal-

equilibrium NMR-signal intensity at room temperature, and » o

P10 k the corresponding theoretically-calculated spin polar- =(PI - PY) f exp(—t/75)
ization at room temperature. It has been verified that with our 0

setup and under thermal-equilibrium circumstances, the po-

-t/
expUre) 4

e

larization derived from Eq(2) is close to the actual polar- o
ization over the temperature range DE4—-300 K. When =AP'Q‘m. (5)
SS e e

determiningP555; based on Eq(2) for the optical pumping
experiments of Fig. (b), the assumption is made that the
laser-power density and therefore tAti signal intensity
and polarization are uniform over the sample volumeTAt
=4 K and\phoo=1024.8 nm the absorption length in silicon S
is I,pe=20 mm2! This length is large compared to the APgS=-Po—°—. (6)
sample depth of=5 mm. The laser power is therefore fairly Tet Te
constant over the sample depth. Over the sample cross sec- The generation rate of free electrons and holes is assumed
tion, the laser beam has a Gaussian beam profile. The bea be constant over the sample volume, as mentioned before.
diameter at the sample surface is estimated to be 5+1 mMnThe generated free electrons and holes form free exéftons
The laser power is therefore varying over the sample crosghich get trapped at the neutral phosphorus atoms, which are
section. It can be verified however after the discussion irthe dominant dopants in th&@Si-enriched sampl&27 Re-
Sec. IV B that the uniformity assumption results in an undercombination of the donor-bound excitor(@eh-complex
estimation ofP35g; with less than a factor of 2. takes place via an Auger process, whereby one electron of
Comparison of the steady-state data set of Fip) &ith  the eeh-complex recombines with the hole and the energy
the 30-min data set of Fig.(d) shows thafly' varies with  freed in the recombination process excites the second elec-
laser power. We derive this by considering that the polarizatron high in the conduction barfd.The phosphorus atom is
tion buildup is linearly proportional t@gg’Si/Tf' as long as  now ionized but will recapture a free electron to become
the irradiation time is short comparedT@'. This is the case neutral again.
for the 30-min data set. The initial negative increase in the The density of free electrons and free holes increases with
30-min data set therefore reflects a decreasgjInT}'is  laser power as

Since the electron spin polarization upon injection is zero
(linearly polarized ligh, Eq. (5) reduces to
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FIG. 2. Energy diagram for a system of one electron spin and | —0.5¢/ : M""’""MM
one ?%Si nuclear spin in the presence of a magnetic figyd The .
notation |17) representgelectron spin, nuclear spinThe lowest X
energy state i$| |) because the gyromagnetic ratio of the electron -1 FI>0 ' : '
and the?si nucleus are both negative. All spin transitions are in- - ¢ _%tseady—state e|eoctron pdarizat%,? !
dicated and labeled with the corresponding transition probability
W, with i the net number of spin flips of the transition. FIG. 3. (Color online P?QSSi as a function ofPSS for a pure

contact hyperfine interactiofonly wy # 0), for a hyperfine interac-
N~ n. % VP @ tion such thafwg:w;:ws}={1:1:0}, and for a pure dipolar hyper-
h e VFlaser fine interaction with{wy:w;:ws}={1:3:6}. The curves are valid for

b the f iton f tion is the domi t bsilicon atT=4 K andBy=7 T and in the absence of nuclear spin
ecause e free exciton formation IS theé dominant reComBlz, 4y aion due tdparasitig electron spin reservoirs with thermal

nation proce;s. _This im_plies that the free electron lifetime spin polarization(leakage factof =1) (Ref. 34. The horizontal and
decreases with increasing laser power as vertical dashed lines indicate, respectively, the thermal nuclear-spin

and the thermal electron-spin polarization.
Te * 1/ng 1/\“‘JPIaser' (8)
) o _as assumed when deriving E&). The steady-state nuclear
For the power range of our experiments the lifetime variespin polarizationP, is determined by the following rate

from 7,~500 us to 7= 1.5 us. _ _ equation, derived from Fig. 2:
The dominant source of free-electron spin relaxation for

our _moderately_ dopeé’Si-enriched sample and for our op- dn” = e W - e WG+ e n W, — e WA+ W,
erating regime is expected to be free-electron scattering with dt

phonongphonons modulate the crystal field, which then per- W =0 (10)
turbs the electron’s orbit; due to the electron spin-orbit inter- In™ ™

action, the electron spin can be flipp8&32 The free-  with P,=(n*~n")/(n*+n"), with e* (€") the probability that
electron spin relaxation time at=4 K and By=7 T is  the electron spin is ufdlown) andn* (n") the probability that
estimated to be on the order g§=1-100 n**?The spin  the nuclear spin is ugdowr), and withW,~ the probability

relaxation timerg is independent of laser power, as long asof a W transition starting from the spin stat}). Instead of
the temperature is constant and the spin relaxation due ¥ the following notations are also used:

other injected electronic carriers is negligible. The latter is

expected to be the case since the density of unpaired carriers Wo = Wg~ exf (e — vs)Bo/KT], (11
upon laser irradiation is smallthe free electron density,

which is the largest electronic density for th&Si-enriched wy = Wi, exp(fysBo/KT), (12)
sample over the power range of our experiments, is about

102 cm2 at our maximum laser power W, =Wy exfAi(ye + vs)Bo/KT], (13

Since 7> 7 for our operating regime, E6) reduces to with g and v, the 2°Si and electron gyromagnetic ratio,

respectively,# the Planck constant, ankl the Boltzmann

APSS= - Polz o \P— (9) constant. The value dP,, which can be derived from Eq.
€ T lasen (10), is therefore a function of the electron spin polarization,
temperature, magnetic field, nuclear isotope, and the relative
which shows thaPZ* depends strongly on laser power. values of the transition probabilities.

The variation of P3ss; with PSS then depends on the  Figure 3 display®5gs;as a function oP3%at T=4 K and

electron-nucleus cross-relaxation process and on the preBy=7 T and, respectively, for a pure contact hyperfine inter-
ence of othefparasitig nuclear relaxation processes. Figure action (only wy# 0), for a contact hyperfine interaction to-

2 gives the general energy diagram for a system of one elegether with a dipolar interaction of the type which induces
tron and one nucleus, with all spin transitions indicated anchuclear spin flips onlyfw,# 0,w; # 0), and for a pure dipo-
labeled with the corresponding transition probabilits  lar hyperfine interaction, in which case the simultaneous flip-
with i the net number of spin flips of the transition. The ping of electron and nuclear spins in the same direction is
transition probabilityW, ¢ is much larger than all other tran- more probably than the flipping in opposite directions
sition probabilities(73<T5"), such that the electron spin po- (w,<w,).172233Since the induced nuclear polarization en-
larization does not depend on the nuclear spin polarizatiorhancements in our optical pumping experiments are positive
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[see Fig. 1b)], it can be concluded from Fig. 3 that the possibly some dipolar interaction of the type which induces
dominant hyperfine interaction is a contact hyperfine interacnauclear spin flips only. Both the free electron reservoir and
tion, with potentially dipolar interactions of the type which the phosphorus donor-electron reservoir fulfill these require-
only flip the nuclear spin. ments. The spin polarization of the latter is the same as the
For very small values oP3ss, the deviationAP55 is  spin polarization of the free electron reservoir, which is the
linearly proportional to the deviatioﬁPgs. In the case of a result of an exchange process between the donor-bound elec-
pure contact hyperfine interaction, the dependencésée trons and the free electrof%3%:36
Fig. 3 In order to further identify the electronic reservoir respon-
ss ss sible for DNP, our experimental values HSf' are compared
AP3gsi= 3APC™. (14 with theoretical predictions, if available. The free electron
The general relationship, for small values RJS,, is then ~ reservoir is unlikely to be the source of DNP as it contains
given by too few free electrons to create significant nuclear polariza-
tion within the duration of our experiments
AP3S= 3f o APSS, (15 (T3\heo Toexp-22 The same applies to the free exciton res-
Tervoir, whose density is even smaller than the free electron
reservoir. The phosphorus donor-electron reservoir is a more
likely candidate as the density @ieutra) phosphorus atoms

and loss of polarization because the hyperfine interaction i about three _orders of magmt_ude larger than the largest free
electron density for our experiments. However, nuclear re-

not purely of the contact type. Inserting B) in Eq. (15 laxation by neutral donors is also available in the dark and

then results in the following dependence, valid for our oper- . ; )
ating regime: known modulation processes which become active upon

light irradiation (for example modulation due to the ex-

s oTe  —— change process between donor electrons and conduction

APZ5si= = 3fiotPe— * VPiaser (16)  electrons are too slow to improve the nuclear relaxatin.
Te Since theoretical investigations of the nuclear relaxation by

We have used the model of E(.6) to fit the data of Fig. neutral(phosphorusdonors have not been made yet for our
1(b). The proportionality factor is determined by the require-operating regime, it is premature to judge the importance of
ment that the 30-min data set of Figial and the steady- the donor-electron reservoir based diﬁ' values. For the
state data set of Fig.() have a zero-crossing of signal other electronic reservoirs in the system, like the donor-
intensity and polarization, respectively, at the same lasebbound exciton reservoir and reservoirs related to paramag-
power. It can be seen that the model is in very good agreeaetic defects, no theoretical models of nuclear relaxation are
ment with the data, especially if one considers that the lasetnown either.
power covers more than three orders of magnitude. To identify the electronic reservoir which is the source of

The uncertainty in the free-electron spin relaxation timeDNP in bulk silicon, it is therefore necessary that the theo-
(75=1-100 ns, see beforeesults in an uncertainty in the retical analysis of electron-nucleus cross-relaxation pro-
total leakage factofy: the leakage factor i$;,;=0.02 for  cesses is extended to the high magnetic field and low tem-
75=100 ns and,=1 for ©3=2 ns. Since the maximum value perature regimé®
of the fitting factor isfi,; ma=1 by definition, it follows from
our data modeling that the free-electron spin relaxation time
must ber;=2 ns. From Fig. 3 and from the meaning of the v, RESULTS AS A FUNCTION OF LASER WAVELENGTH
leakage factor, we then derive that the maximum achievable N .
295 polarization forf,,=0.02—1 isP35=2% —83% when When exciting far abov_e the band gap the .qbsorptmn
linearly polarized light is used. This maximu#si polariza- length shortens such that high free electron dengltles are cre-
tion is obtained whemr,< 73, which requires that the laser ated close to the exposed sample surface, which results in
power is significantly increasefsee Eq.(8)]. The laser short.freg electron I|fe't|me55ee Eq.8)]. The inducedsi _
power cannot be increased beyond about 500 mW with Ou|,90Iar|zat|qn theregor_e increases and gets closer to the maxi-
setup because the cooling capability of the system is nofum achuayablez Si polarization, provided that the free-
sufficient to keep the temperature B4 K when higher electron spin relaxation time is not degraded by exciting high
powers are used. However, the laser wavelength also affec@ove the band gap.
the value ofr, as will be discussed in Sec. V.

with f,,; the total leakage factor, representing both loss o
polarization because the nuclear spins interact Wjtara-
sitic) electronic reservoirs with thermal spin polarizafio?

A. Experimental data

C. Responsible electronic reservoir Figure 4 shows thé°Si NMR-signal intensity as a func-

The theoretical model of Eq16) fits our data of Fig. )  tion of laser wavelength after optical pumping of the
very well. The electronic source responsible for DNP must®Si-enriched sample for a time =25 min with different
therefore be the free electron reservoir or a reservoir whicltlaser powers af=4 K andBy=7 T. The experimental se-
has the same dependence on laser power as the free electquence is again “SAF -DET.” The data vary rather continu-
reservoir. We have also derived that the hyperfine interactionusly with wavelength, except at a few wavelengths where
of the responsible reservoir must be of the contact type witlabrupt changes are observi}nqo=1.17 and 1.21 e\
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FIG. 4. (Color onling 2°Si NMR-signal intensity as a function FIG. 5. (Color onlin® Theoretical calculation of th&®Si NMR-
of laser wavelength for thé®Si-enriched sample after 25 min of signal intensity as a function of laser wavelength for the
laser irradiation with linearly polarized laser light a4 K and 2sj-enriched sample after 25 min of laser irradiation with linearly
Bo=7 T. The different curves are the results for different laser pow-polarized light atfT=4 K andBy=7 T. The calculation is made for
ers and the data points are connected for better clarity. The dashedlimited number of wavelength and power combinatiGsee data
line represents thé%Si NMR-signal intensity after 25 min in the point9 and the data points for a particular power level are con-
dark. The NMR-signal intensity is given by the area underneath theected for better clarity. The dashed line represent$taeNMR-

real part of the Fourier transform of the FID. signal intensity after 25 min in the dark. The calculations are based
on the absorption-length data of Ref. 21 and the experimental data
B. Theoretical model of Fig. 1(a).

We establish a first-order model which predicts #i6i larger thanE, o= 1.21 eV. The resulting absorption-length

NMR-signal intensity as a function of laser wavelength. Themodel should therefore onlv be used qualitatively for
model is based on the data of Figall which determine the ¢ > 1.21 eV y q y
photon . .

relation between the®®Si NMR-signal intensity and the Integration of the2®Si NMR-signal intensity per unit

electron-hole generation rate, and on the absorption-lengify, i “over the sample thickness then gives the expected
data of Ref. 21, which determine the relation between th?\’/alue of the 2°Si NMR-signal intensity for a given laser

electron-hole generation rate and the laser wavelength. : PR
. . wavelength and laser power. The results are displayed in Fig.
For Epnoton>1.3 €V, extrapolation of the absorption- g P Pay g
length data of Ref. 21 |s_reqU|red. The extrapolations are The general shape of the curves of Fig. 5 can intuitively
made based on the following dependence which is valid fobe understood as follows. At photon energies;
. . . 3 . oton
indirect transitions: <1.21 eV the absorption length is larger than the sample
1 aps (Ephoton= Eg = Ephonor)Z_ (17) thlckness(labs>_t:5 mm).?! The photon absorption is the_re—
) ) _fore nearly uniform over the sample volume and disi
Below the band gap the absorption Iength is sample—speC|f|§igna|S follow the dependence of Figial with increasing
and therefore the lowest energy to which our theoreticabhoton energy. At photon energie® nyor>1.23 eV
model is applied is=yno0r=1.16 €V. The electron-hole gen- e apsorption is nonuniform over the sample depth
eration ratege, per unit length as a function of sample depth (Ibe<2.5 mm).2! The 2°Si signals decrease with increasing

x is then proportional to photon energy because tH&Si signal intensity increases
, Plaser X less-than-linearly with photon absorpti¢see Sec. IV and
Jen(X) exp——|. (18)  Fig. 1(a)] and because for high photon absorption #igi
Iabs Iab

signals are positive while for low photon absorption ti8i

The 2°Si NMR-signal intensity per unit length corre- signals are negative, such that cancellation of signals can
sponding to the electron-hole generation rate per unit lengtbccur. At even higher photon energies, when the photons are
is derived from the data in Fig.(d). These data need to be absorbed very close to the sample surface, such that a large
extrapolated as well. The extrapolation to lower powers conpart of the sample volume is not affected by the laser light,
nects the value at the lowest laser power to the value in ththe values of thé®Si signals tend to the value in the dark.
dark. The exact shape of this extrapolation does not influence Except for the abrupt changes in the experimental data,
the resulting model very much for our power range andthe theoretical curves of Fig. 5 are in qualitative agreement
wavelength range. The extrapolation of the data to highewith the experimental curves of Fig. 4. This agreement sup-
powers is made as a linear extension of the data points gforts our model of nonuniforrf’Si polarization buildup over
Fig. 1(a). This extension is a rather arbitrary choice. Thethe sample depth when exciting high above the band gap. As
choice of extrapolation has a quantitative effect on thementioned before, the agreement ab&gq,—1.25 eV is
model for our power range and for photon energiesnot expected to be quantitative as it is based on an extrapo-
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lation of the experimental data. Furthermore the theoretical 300 _o'_ ;
model is a first-order approximation since second-order ef- gorgn;qlm
fects like diffusion of free electrons, increased carrier recom- € 0| i
bination near the sample surfaces and nuclear spin diffusiorte“
are not included. >
3 1001 ]
3
C. Special features T
. o  of i
There are two special features in the experimental data O‘n"|:’
Fig. 4 which are not explained by the theoretical absorption- =
length model of Sec. V B. The features consist of a sudder z -100¢ ‘ 7
drop in?°Sj signal intensity at a particular photon energy and & P acer = 40 MW
a slow recovery toward theoretical expectations beyond . . ; . i i
this photon energy. The feature starting right above 1.1 12 L%nergy [ev1]'4 1.5 16

Ephotor=1.17 €V is only present for the highest laser power
(Plase=300 mW. _ The feature starting right above s ¢ (Color onling Average?°si NMR-signal intensity per
Epnotor=1.210 eV is present for all power levels and the dropypit volume as a function of laser wavelength after 25 min of laser

in signal intensity is more abrupt for the higher laser powersirradiation with linearly polarized laser light af=4 K and B,
We remark that the onset of TA-phonon-assisted band-to=7 T. The curves are the results for the 5 mm tHicgi-enriched

band transitions and the onset of TO-phonon-assisted bangample and for a 50@2m slice of the original sample. The data
to-band transitions start with the creation of free excitons apoints are connected for better clarity. The NMR-signal intensity is
Epnotor=1.174 and 1.213 eV, respectivéfyThese energies given by the area underneath the real part of the Fourier transform
correspond to the photon energies at which the abruptf the FID.
changes are observed, which suggests that the creation of
high concentrations afow-energy free excitons is destruc-  E,o,~=1.21 eV the special feature is observed. Beyond
tive for the dynamic-nuclear-polarization mechanism. It iSE o= 1.24 eV (lgpe=1.5 mm?! the two curves start to de-
also noted that the generation of free excitons becomes lesgate. The average signal intensity per unit volume for the
important at higher photon energies relative to the generatioB00 um sample is positive and larger in absolute value than
of free electron-hole pairs, which could explain why thethe average signal intensity per unit volume for the 5 mm
agreement of the experimental data with the theoreticasample. This indicates that in the 5 mm sample, signal can-
model is restored for higher photon energig’ cellation occurs between the sample volume close to the sur-
Similar features have been observed in optical pumpingace and the remainder of the sample.
experiments with indium phosphid&nP) and GaAs, butthe  The experiments presented in Fig. 6 therefore confirm that
features are not fully understood eittief" the small signals at high photon energies in Fig. 4 are due to
signal cancellation and not due to a breakdown of the DNP
mechanism. The positive data for the thin sample at high
photon energies also demonstrate that non-thermal electron
The experimental data of Fig. 4 are consistent with thespin polarizations can be preserved when exciting high
absorption-length model of Fig. 5. The small signals farabove the band gap. This implies that the electron spin-orbit
above the band gap, obtained after25 min of laser irra-  coupling is small enough such that the free-electron spin
diation, are therefore expected to be the sum of a large anglaxation rate does not increase significantly when the free
positive °Si signal close to the exposed surface, a negativelectron relaxes from high in the conduction band to the
29Si signal deeper in the sample and hardly any signal fronbottom of the conduction band. It is therefore very promising
the bulk of the sample, where the nuclear spin relaxationo continue the investigation of silicon optical pumping at
time is very long. However, the small signals far above thehigh photon energies. Especially valuable will be experi-
band gap could also be caused by a breakdown of the DNRients which determine the amount of steady-sta& po-
mechanism. To exclude this possibility, additional experi-larization, achievable close to the exposed surface at high
ments have been performed in which only the signal of thephoton energies. This can be done via experiments similar to
295 spins close to the exposed surface is measured. As we doe ones of Fig. ().

not have imaging capabilities in our setup, we have cut a
slice of 500um from the original®°Si-enriched sample to V! RESULTS AS A FUNCTION OF TEMPERATURE AND

this purpose. MAGNETIC FIELD

The averagé®Si NMR-signal intensities per unit volume  Experiments are performed to determine the most favor-
after 25 min of laser irradiation ai=4 K andBy,=7 T are  able conditions of temperature and magnetic field to create
displayed in Fig. 6 for the 50@m sample and the original high 2°Si polarizations.

5 mm sample as a function of laser wavelength. At low pho-

ton energies(Epoon<1.21 €V} the two curves coincide. A. Temperature dependence

This is expected because the absorption length is longer than The optical pumping experiments to determine the effect
the sample thickness for both samples. Starting right abovef temperature are performed aB,=7 T with the

D. Experimental data for a thinner sample
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FIG. 7. (Color online 2°Si NMR-signal intensity as a function FIG. 8. (Color onling 2°Si NMR-signal intensity as a function

of laser wavelength for thé®Si-enriched sample after 25 min of of laser wavelength for thé°Si-enriched sample after 25 min of
laser irradiation with linearly polarized light 8=7 T. The differ-  laser irradiation with linearly polarized laser light 84 K. The
ent curves are the results for different temperatures and the datdifferent curves are the results for different magnetic fields and the
points are connected for better clarity. The dashed lines represedata points are connected for better clarity. The dashed lines repre-
the 2°Si NMR-signal intensity after 25 min in the dark for the re- sent the?®Si NMR-signal intensity after 25 min in the dark for the
spective temperatures. The NMR-signal intensity is given by theespective magnetic fields. The NMR-signal intensity is given by
area underneath the real part of the Fourier transform of the FID.the area underneath the real part of the Fourier transform of the
FID.

2%Sj-enriched sample. Figure 7 shows #78i NMR-signal
intensity as a function of laser wavelength after opticalrately because the details of the DNP mechanism for our
pumping for a timer, =25 min atT=4, 7, and 20 K. The operating regime are not known yet. Experiments are there-
295 signals aff=7 K have decreased compared to fisi  fore performed to increase our insight in the role of doping.
signals affT=4 K. At T=20 K, the?Si signals are no longer As mentioned before, the production‘38i-enriched sili-
positive. According to our model of E416) [see Fig. 1b)], con is still at the research stage. For this work, only one
the steady-stat?’Si polarization will therefore be equal to or *°Si-enriched sample has been available. To investigate the
smaller in absolute value than the thermal-equilibrium polareffect of doping, we have therefore performed experiments
ization atT=20 K. The lack of positive signals =20 K  with naturally-abundant silicon samples. The specifications
therefore indicates that the DNP effect has significantly deof these samples are given in Table I. Samples 1, 2, 4, and 5
creased. consist of a stack of eight’88 mn? pieces of single-crystal
Since an increase in temperature has a strong and destrugilicon wafer(500 um thick) with orientation[100]. Sample
tive effect on the DNP mechanism, it is expected that de3 is a bulk piece of similar dimensions.
creasing the temperature to beldw4 K will increase the Optical pumping experiments are performed at
maximum achievablé®Si polarization. T=4K and B,=7 T with laser light of wavelength
Nphotor= 1024.8 nm and at a laser power Bf,se=300 mW.
The chosen laser settings are expected to produce the largest
295j signals(see Fig. 4 This is desired because tHeSi
The optical pumping experiments to determine the effeciensity in naturally-abundant silicon is 20 times smaller than
of magnetic field are performed ar=4 K with the in the *si-enriched sample, resulting in 20 times smaller
Si-enriched sample. Figure 8 shows tf#8i NMR-signal  NMR signals. It has still been necessary to increase the irra-
intensity as a function of laser wavelength after opticaldiation time tor, =8 h to allow single-shot detection. The
pumping for a time 7 =25min atBy=7 and 2T. At resulting?°Si NMR-signal intensities are shown in Fig. 9 as
Bo=2 T the?Si signals are no longer positive. As mentioned

B. Magnetic field dependence

before, this is a clear indication that the DNP effect has sig- TABLE I. Naturally-abundant silicon samples.
nificantly decreased compared toBy=7 T.

Since a decrease in magnetic field has a strong and de- Doping level
structive effect on the DNP mechanism, it is expected that (cmd) Doping atom Quality

increasing the magnetic field aboBg=7 T will increase the

maximum achievablé®si polarization. 1 1-5x10% Phosphorus Prime
2 4-10x 104 Phosphorus Test
3 . .
VIl. RESULTS AS A FUNCTION OF DOPING 3 <5x10* - Very pure, high quality
_ . _ _ 4 2-4x 101 Boron Test
The effect of doping and dislocations on the maximum g 1-3x 105 Boron Test

achievable?®Si polarization cannot be predicted very accu-
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_. 2 ' ergy relaxation time. A decrease Trf' would be beneficial

£ - g:mg:: l:g ‘ for the experimental investigations, because certain experi-

P R 0 S =cs ments, like the ones to determine the steady-St&epolar-

8, ization, are very challenging due to the long duration of the

Z experiments. It is therefore valuable to investigate the effect

IS b of doping in more detail. Such a study may also help to

-% R identify the electronic reservoir responsible for the induced

5 05 293 polarization.

w . H .

, Lo

o

= ob— VIIl. CONCLUSIONS

g Lo R We have performed optical pumping experiments with
00 o BRTSE o bulk silicon at the liquid helium temperature and at high

magnetic field field(B,=7 T) and we have observet!Si
polarization enhancements both iA°Si-enriched and
FIG. 9. (Color online 2°Si NMR-signal intensity as a function naturally-abundant silicon. We have improved the previous
of doping density for naturally-abundant silicon samples after 8 hoptical-pumping record with nearly an order of magnitude,
of laser irradiation with linearly polarized light of wavelength up to 295 polarizations of 0.25%.
Aphotor= 1024.8 nm. The experiments are performeda# K and We have derived a theoretical model which explains the
Bo=7 T and with a laser power dPj,s.=300 mW. The different observed dependence of the inducésii polarization on la-
line styles represent different doping types. The samples are de&ser power. This model predicts that Bt4 K andBy,=7 T
scribed in Table I. The NMR-signal intensity is given by the the maximum achievable?2°Si polarization for the
resonance-peak height of the real part of the Fourier transform 0#9gj_enriched sample, when exciting with linearly polarized
the FID. light of wavelength\ ;o= 1024.8 nm, is 2%-83%. The un-

a function of doping density. The signals are positive, whichCertainty in the prediction is due to uncertainty in the free-
indicates that there is a dynamic-nuclear-polarization effect€!€ctron spin relaxation timerz=2-100 n$. To achieve the
just like in the?%Si-enriched sample. maximum predicted®Si polarization, significantly higher la-

For then-type samples, the signal increases with increasser powers are required than is possible with our setup. We
ing doping density. This implies that either phosphorus-have demonstrated that high photon absorption can also be
related electronic reservoirs interact directly with i  created close to the sample surface when exciting far above
nuclei or that the phosphorus doping affects i nuclei  the band gap and that the dynamic-nuclear-polarization ca-
indirectly, by influencing the electronic reservoirs with which pabilities are well-preserved in this regime. If there would be
the nuclei interact. Whether the obsen/&gi si%gl increase no degradation of the dynamic-nuclear-polarization capabili-
is mainly due to an increase in the steady-sfag polariza-  ties compared to excitation Abhotor= 1024.8 nm then, for a
tion or also partially due to a decrease in the nuclear-spifaser power of 300 mW, the maximufiSi polarization of
relaxation time is uncertain.slgonger e%(periments, which deng’STaX:Z%(predicted for3=100 ng will be achieved when
termine the values of botP;g and 7', need to be per- exciting at 1.38 eV, and the maximu@iSi polarization of
formed to find out. o P55a"®=83% (predicted forrS=2 n9 when exciting higher

No difference is observed between i signal for an  than the direct band gap of silicon. In the latter case the spin
n-type sample and th&Si signal for ap-type sample with yejaxation rate of the injected conduction electrons may have

the Same doping d?”Si.W-. Since 'neutral acceptors are aboﬁ’]tcreased which may reduce the achievable polarization
ten times less effective in interacting with nuclei than neutralmaximum’ We further expect from our investigations that
donors?® this suggests that the nuclear polarization is not '

induced at neutral dopants, but for example at dopants with ggcreasing the temperature and i_ncrgasing the ”?agne“‘: field
bound exciton or, as mentioned before, via interaction wit’r-’glv'” help to achieve high polarizations, potentially even

other electronic reservoirs which are affected by the dopa igher than the above prediqted va}lue§. Our findings there-
density. ore do not exclude yet th&PSi polarizations close to 100%

It is also noted that thé®Si signals of the naturally- Can be obtained with the optical pumping technique at tem-
abundant samples, which are obtained after 8 h of irradiaPeratures above 1 K and magnetic fields below 20 T. Such
tion, correspond to polarizations which are an order of magachievements would be very important for the field of quan-
nitude smaller than the polarizations produced in thelum computatior:” Further optical pumping research in bulk
29gi_enriched sample after the same irradiation time undegilicon is therefore stimulated, and a focus on the determina-
the same conditions. This could mean that the dislocationgjon of the 2°Si polarization, achieved close to the exposed
which are present in th&Si-enriched sample, have an im- sample surface when exciting far above the band gap, will be
pact on the optical pumping mechanism. But the smaller sigespecially valuable.
nals could also be caused by a slower nuclear spin relaxation We provide a probe to investigate the dynamic-nuclear-
process in the naturally-abundant samples due to the smallpplarization mechanism in semiconductors in the high mag-
29Sj isotopic content’ 42 netic field and low temperature regime. In this regime, there

In conclusion, increasing the doping density either in-are several details about the optical pumping mechanism in
creases the steady-st&tSi polarization or decreases the en- silicon as well as in GaAs which are not understood. The

Doping density [cm‘a]

235206-9



VERHULST et al. PHYSICAL REVIEW B 71, 235206(2005

exact electron-nucleus polarization transfer mechanism, fastimulates the investigation of optical pumping in other indi-
example, is not understood in detail. Neither are the speciakct band gap materials.

features observed when exciting above the band gap. A sig-
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