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Double and single peaks in nuclear magnetic resonance spectra of natural
and 2°Si-enriched single-crystal silicon
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We report the nuclear magnetic resonafid®IR) spectra of phosphorus-doped single-crystal silicon, en-
riched to 97%2°Si, which display double as well as single peaks as the sample is rotated with respect to the
static magnetic field. It is shown that the shape and the width of the NMR lines are predominantly due to
nuclear dipolar interactions. We provide a theoretical model to determine the strength of the weaker scalar
coupling between neighboring’Si nuclei. For naturally abundant single-crystal siliq@n7% 2°Si), the an-
isotropic dipolar interaction is visible as well in the NMR spectra. We have observed small side peaks for
particular orientations of the crystal axes and we show that the intensity of the side peaks contains information
on the distribution 0?°Si atoms in the’®Si matrix.
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[. INTRODUCTION how more quantitative information on the strength of this
interaction could be obtained. We have performed similar
Intensive research has been performed on single-crysta@ixperiments with naturally abundant silicon samples, for
silicon, which is the workhorse of the microelectronics in- which we have observed small side peaks adjacent to the
dustry today, in order to fully understand the material andmain resonance peak. We show that the ratio of the area
control its quality. Recently published quantum computationunder the side peaks to the area under the main peak gives
proposals? are also based on silicon and rely on the existingnformation on the distribution of thé°Si atoms in a**Si
expertise. Since the gate operation of these proposed quafatrix.
tum computers depends on the interaction between nuclear
magnetic moments, detailed information on this interaction Il. EXPERIMENTAL SETUP

is very important. Reference 2, for example, proposes the  gjngie crystal silicon has a diamond structugee unit
direct use of the state of eS| nuclear spin as a qubit. Itis  ce|| and main axes in Fig.)1The 2Si isotopically enriched
therefore hlghly relevant to obtain mformz_;ltlon on _the_lme sample is a single-crystal cylinder, with an approximate di-
shape and width of the NMR resonance lines, which is reameter of 8 mm and a height of 4.5 mm. The growth axis is
lated to the coherence time of a nuclear spin system, and qnog], but the sample has been cut off-axis and there is about
the scalar coupling betwe€fiSi nuclei, which contributes to  5° uncertainty in the exact orientation of the crystal axes.
the gate operation time. Researchers have independentihe isotopic concentration of this sample is 2.49%i,
made efforts to isotopically purify silicon and produce high 96.9% 2°Si, and 0.7%°Si, and the phosphorus doping level
quality single crystals.Naturally abundant silicon contains is 1-2x 10" cm™3. The latter determines the spin-lattice
92.2% 28Si (nuclear spin ) 4.7% 2°Si (nuclear spirg), and  relaxation timeT;, which has been measured to be 138
3.1% %°Sj (nuclear spin  Single-crystal wafers of puréSi  +10 min, in agreement with theoretical predictidns.

are already commercially availaBland research is ongoing ~ The naturally abundant sample consists of a stack of eight
towards the production of isotopically puréSi and 3°Si  8x8-mn? pieces of silicon wafesingle crystal, producing
single crystals. Silicon samples with various concentrationg total sample height of 4 mm. The wafer orientatiofili80]

of the 2°Si isotope are very interesting to study with NMR and the wafer pieces have been cut paralle1d0) direc-
spectroscopy, since the effect of the isotopic concentratiotions. The isotopic concentration is 92.2#8i, 4.7% 2°Si,

on phenomena such as optical pumpifignd spin diffusion and 3.1% 3°Si, and the phosphorus doping level 1-4
can be investigated. X 10 cm 2.

We report on the NMR spectra dPSi-enriched silicon, The samples are inserted in the holder of a homebuilt
which reveal a strong dependence on the orientation of thprobe and can be rotated along the central axis of the RF
crystal axes versus magnetic field. We start the theoreticaloil, with a precision of 0.5°. Accurate initial positioning of
modeling of the data with a qualitative analysis of all mecha-the samples is hard, especially for thiSi-enriched sample,
nisms that could modify the silicon NMR spectrum and showdue to the miscut of the crystal. Therefore, the NMR spectra
that dipole-dipole coupling produces the strongest nucleawe show correspond to the specified orientations within 10°
interaction. Using a model based on this interaction, we proerror.
vide a quantitative analysis of the experimental data. Then, The NMR spectra are taken at room temperature with a
we expand the model to include scalar coupling and explaicommercial spectrometéfecmag in a 7-T magnetOxford
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FIG. 1. Unit cell of the diamond structure. As can be seen, the
bonds lie along111) directions. :
Instruments This magnetic field corresponds to a Larmor ~[OOI]
frequency offg=59.5744 MHz. The pulse sequence con- :
sists of aw/2 pulse (30usec), followed by a Sxsec dead :
time and the observation of the free induction decay. The : | :
presented spectra are the real part of the Fourier transform of
the free induction decay, starting 3Gsec after the beginning -2 0 2
of the data acquisition. Time intervals between two succes- [kHZ]
sive experiments range from 30 mio 8 h sinceT, is very
long for all samplegmore than 2 h FIG. 2. NMR spectra of &°Si isotopically enriched single-

crystal silicon sample. The horizontal axis is offset by 59.5744
MHz; the vertical axis is arbitrary. The sample is rotated-b%0°
IIl. EXPERIMENTAL RESULTS along the[110] axis between subsequent experiments. The width of
FOR 2%Si-ENRICHED SILICON the resonance line for thgl00), (110), and(111) orientations is
~800 Hz, ~2000 Hz, and~800 Hz, respectively. A maximum
The NMR spectra for thé®Si-enriched sample are shown line splitting of 1250 Hz is observed if111) orientations.
in Fig. 2 for 21 orientations of the sample with respect to the
magnetic field. The crystal is first oriented with th@01]  entation of the bonds belongs to the se{d11) directions.
axis parallel to the magnetic fieB, and then rotated along Assuming no crystal strain and negligible bond changes due
the [110] axis, such thatB, becomes parallel tJ001], to isotopic variatiorf, all nuclear sites are magnetically
[111], [110], [111], and[001], consecutively. The ex- €quivalent since silicon hady point-group symrr_letr?/.
perimental data show a strong dependence on the orientatidif'erefore, the effect of chemical shift anisotropy in NMR
of the magnetic field with respect to the crystal structure. ThéfPect’a can be neglected. As mentioned above, only one iso-
resonance lines are most narrow f¢t00) orientations ~ OPe, ~*Si, can be observed with NMR spectroscopy. Since
(~800 Hz), become very broad fof110) orientations ~Si has nuclear spih=3, no nuclear quadrupolar interac-
(~2000 Hz), and a line splitting appears fdrll) orienta-  tions are present and only direct and indirect nuclear dipolar
tions (maximum observed line splitting of 1250 HzThe interactions determine the resonance spectra of single-crystal
spectra have been normalized such that the total area undé&licon- o _ _ .
neath each spectrum is the same, to compensate for the vary- There are two types of indirect dipolar interactions: the
ing initial polarizations of consecutive experimefitge have ~Ruderman-Kittel-Kasuya-Yosida (RKKY)  interaction,
observed area fluctuations af5% over the whole range of Which is a long-range interaction, and the scalar coupling or
crystal orientations when the initial state of the spin systeny-coUpling, which is a short-range interaction. The RKKY

for each experiment is identioal interaction is normally observed in NMR spectra of heavy
metals and the strength of the interaction is proportional to
IV. THEORETICAL MODEL the square of the density of the conduction electrons. All of

the silicon samples in the present experiments ratgpe
In a diamond lattice, every silicon atom is tetrahedrallywith phosphorus doping levels 4 10'° cm™ 3. Therefore,
surrounded by four nearest neighbdsge Fig. 1 The ori- the RKKY-type interactions will cause changes in the line-
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width of the resonance peaks which are far below 1 Hzneighbor interactions and higher contribute to the linewidth.
Considering the data in Fig. 2, this type of indirect nuclearTherefore, a relatively narrow resonance line is expected.
interaction can be neglected. Theoretical predictions of the (ii) B, parallel to[110]: two nearest neighbors are at
other type, scalar coupling, have been made for the lightes35.3° with respect t@, and two are at 90°. The interaction
atomst! up to Na, but the calculations are increasingly between a given nucleus and any one of its nearest neighbors
hard if more electron shells are involved. Experimental retherefore causes a line splitting'®f
search reports scalar coupling constants of 23—186 Hz for
295j-2%j single bonds$? Such a coupling strength can at 1 po vah 3
most account for a small part of the spectral features we Af=o— =N 5 =950 Hz @
observe in Fig. 2. Direct magnetic dipolar interactions be- i
tween two neighboring?®Si nuclear spins in single-crystal and depending on the exact spin configuration of the four
silicon produce couplings of up to 1000 Hz and from thenearest neighbors, several NMR peaks will appear with a
observed linewidth in Fig. 2, it is clear that this is the right maximum splitting of 4< 550 Hz=2200 Hz. There are con-
order of magnitude for explaining our data. tributions from the second-nearest neighbors as well and
Finally, sinceT, for the silicon samples is very lorigev-  overall, a relatively broad resonance line is expected.
eral hour$ and in agreement with theoretical predictions  (jii) B, parallel to[111]: one bond is parallel t@, and
based on the doping type and concentrafiomiclear inter-  this produces the strongest possible interaction; the other
actions with magnetic impurities should be very weak anchree are at 70.5° and the interaction with each one of them
will also be neglected in our discussion. The interaction withis weaker by a factor of 3. If only the bond parallelBg is
the phosphorus nuclei themselvésuclear spinz, 100%  considered, a Pake’s doudftwvould be observed with line
abundant is also negligible, because of density consider-splitting
ations (the atomic density of single-crystal silicon is 5
X 10?2 cm™3). The structure of our system is therefore a 1 po vah
lattice of spins nuclei, coupled via magnetic dipolar inter- Af=o— - —33=1100 Hz. 3
. . . . AT 7
actions. The effect of the scalar coupling is discussed later. ij
Previous experiments have observed line splittings iNncjuding contributions from the other nuclei, two relatively

NMR spectra of particular samples in ,Whifh the dominantygaq resonance lines with the above splitting are expected.
nuclear interaction is a dipolar interactibit* The original

experiment® was performed with a sample containing fairly
isolated pairs oftH nuclei. When the magnetic fieB, was
parallel to the axis connectintH pairs, a symmetric double The data in Fig. 2 correspond very well to the intuitive
peak appeared in the NMR spectrdinThis phenomenon, picture described above and are also in good agreement with
called a Pake’s doublet, has been observed more recently fegie spectra obtained fdrfC-enriched diamond taking into

a 13C-enriched single-crystal diamond samfén this case, account a scaling factor of 5[6ee the dependence on gyro-
the nuclei are no longer isolated, but anisotropy of the dipomagnetic ratio and lattice constant in E¢B—(3)]. The line

lar interaction creates semi-isolated pairs G nuclear  splitting and linewidth for the resonance line in thl1)
spins. Since silicon has a diamond structure as well and therientation (see Fig. 2, captionhave been determined by
dominant interaction is dipolar coupling, the discussion forfitting the NMR spectrum with two Gaussian-shaped curves.

V. RESULTS AND DISCUSSION

the 2°Si-enriched sample is analogous to tHe€ case. We have also performed an experiment in which the initial
The truncated Hamiltoniai 44 of a system of identical orientation of the sample ig110], with rotation along the
magnetic dipolesusi= ysfi|g; is given by® [001] direction. In this case, the NMR spectra change from a

LTI s!ng:e tt;;roa(cji peall(< to_ﬁ sin%[e r|1ar_r0w rl?e&:jk atr:ld bacl|<( to a
Mo il il single broad peak, without displaying the double peaks, as
Hum g A°S — 5 (1-3¢030), () Goeced. Playing P
. By using the method of moments by Van VieGkwe

with yg; the gyromagnetic ratio of°Si, I; the nuclear angu- provide a quantitative analysis of the shape and width of the
lar momentum vector of nucleusr;; the distance between NMR lines. We have calculated the moments for a 100%
the positions of two nuclgiandj, and ¢;; the angle between abundant?®Si diamond lattice, including 1963 atoms for the
the magnetic fieldB, and the vector;; . The last factor in  calculation of the second momeiM,,, and 95 atoms for the
Eq. (1) shows that the dipole-dipole interaction between twofourth momentM , (see first and second columns in Table |
nuclei is dependent on the arrangement of the atoms witfthe line shape is dependent on the value Mf/[3
respect to the magnetic field. The strongest interaction occurs (M,)?]. If this value is much larger than 1, the line shape
if r; is parallel toB, and the interaction completely vanishes is Lorentzian, if it is equal to 1, the line shape is Gaussian,
if r;j is at the magic angl@;; =54.74°. The strength of the and if it is significantly smaller than one, a double peak
dipolar interaction is directly reflected in the width of the appears® As can be derived from the data in Table I, the
resonance lines in the NMR spectra. We consider three crysheoretical value oM ,/[3X (M,)?] is smaller than 1 for all
tal orientations: crystal orientations. The smallest value is obtained for the

(i) Bg parallel to[100]: all four nearest neighbors are at [111] orientation, for which line splitting is observed.
the magic angle with respect By, and only second-nearest-  The full width at half maximum{(FWHM) of a resonance

054105-3



VERHULST, MARYENKO, YAMAMOTO, AND ITOH PHYSICAL REVIEW B 68, 054105 (2003

TABLE I. The theoretical values d1, andM, in the case of dipolar interactions are given for the three
main crystal orientations in the first and second columns. The third column shows the experimental values of
M, derived from the data of Fig. 2 and the fourth and fifth columns give the fractional incredde if
J-coupling is present. The data in the table are results of theoretical calculations, unless otherwise specified.

M, My q M, ? My /My g° My 3/My g€

(100 H2 2 (100 H2 * (100 H2 2
[100] 5.86 66 16 0.550 0.043
[110Q] 36.9 2970 52 0.065 0.005
[111] 47.3 3880 63 0.063 0.005
gExperimental results.
J=180 Hz.
€J=50 Hz.

line is directly proportional tdM , and inversely proportional less than about 5 Hz, and a more quantitative study of the
to M,, which is illustrated by the following formula for, J-coupling could be performed.
respectively, a Gaussian-shaped and Lorentzian-shaped reso-

nance line(truncated Lorentzign
VI. EXPERIMENTAL RESULTS FOR NATURALLY

FWHMgaue= 2.36/M5, (4) ABUNDANT SILICON
5 In naturally abundant silicon, th&’Si atoms are very di-
FWHM. - ~1.8V M2 ®) lute (4.7% 2°Si) and the overall effect of dipolar interactions
roren "2 N My on the NMR spectrum is small. Dipolar interactions are only

. g . . 9 . . .
It is clear from Table | that the narrowest line is expected fors'"‘:]n'mémt f_or nelghbqungf S.I atoms, |n_wh|ch case Eqe)
. . and(3), which are valid for isolated pairs ¢°Si atoms, are
the [100] orientation.

In the third column of Table I, we give the experimental a good model for the experimental situation. All isolafé8i

) : atoms precess with the unperturbed Larmor frequency. The
values for the second momeht,. Comparison with theo- o ! .
NMR spectra for naturally abundant silicon are displayed in

retical predictions demonstrates that the experimental. . ; .
FWHM is larger than expected. This is partially due to mag?]l:lg' 3 for the three main crystal orientations. The spectra

netic field inhomogeneities and susceptibility effects, which
in our setup increase the width of the resonance line by ap:
proximately 100 HZsee Sec. V)l This broadening increases
M, and the increase is most pronounced for the narrowes
line. It has also been mentioned in the previous section tha
there is a 10° error in the crystal orientation of the sample.
Since thd 100] orientation has the narrowest line, any devia-
tion from this orientation will result in an increased line-
width. Both factors therefore affect most strongly the experi-
mental data for thg100] orientation, which explains the
differences between the first and third columns of Table I.
To obtain information on thd-coupling, we have calcu-
lated M, based on dipolar interactions onM, 4, and the
additionalM 4 if J-coupling is includedM, ; (see fourth and
fifth columns in Table ). Two representative values of the e
J-coupling have been use@ee Sec. IY. The second mo- 0 ‘ 1 ' 2 % ==
mentM,, is not changed by the presenceletoupling, since —0.5 0.5
it is an exchange-type interaction. The values in Table | show [kHz] [kHz]
that the increase oM, is most pronounced for thgLOQ] (a) (b)
orientation, yvhere an mcrease.M”' with 55% is gxpected . FIG. 3. (a) NMR spectra of naturally abundant silicon for three
for a J-coupling of 180 Hz. As discussed before, iNCreases iy o ntationsB,| [100], B, || [110] (spectrum shifted by 1 kHzand
M, cqrrespond to a narrowing of the resonance line. ThereB0 | [111] (spectrum shifted by 2 kHz The spectra are averages
fore, in order to determine thd-coupling based on this oyer 7 to 17 experiments. The horizontal axis is offset by 59.5744
model, it would be desirable to reduce the line broadeningunz; the vertical axis is arbitraryb) Comparison of the line shape
due to magnetic field inhomogeneity and uncertainty infor B, || [100] (dashed curvewith the line shape foB, || [110] (top
sample orientation by the use of appropriate sample shap&gure) and B, || [111] (bottom figure. The dashed vertical lines
and state-of-the-art equipment. In such conditions, we woulghdicate the position of the theoretically calculated resonance fre-
expect a reduction of these unwanted broadening effects tguencies of the side peaks.
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TABLE II. For a random distribution of 4.79°Si atoms in a  times the area under the full spectrum. These theoretical pre-
?8si matrix, the theoretical ratio of the area under the side peakgiictions for a random distribution are summarized in Table II
versus the area under the full spectrum has been calculated for thggether with the experimental values obtained from the data
three main crystal orientations. In th&11] orientation, only the jn Fig. 3. Taking into account the difficulty in accurate posi-
outer two side peaks are considered. The experimental value of ”t‘f'bning of the sample, we conclude that there is very good
ratio is obtained from the data of Fig. 3. agreement between theory and experiment, and that the dis-
tribution of the 2°Si atoms resembles a random distribution.

Theoretical Experimental From the previous discussion, it is clear that NMR can be
[100] 0 0 used to check the distribution 6fSi atoms in a2®Si matrix.
[110] 0.19 0.22-0.015 More precisely, the amount of pairs 6fSi atoms versus
[111] 0.047 0.06-0.015 single 2°Si atoms can be derived. The same technique can be

used to verify the quality of future isotopically engineered

structures, such as atomic planes 88i atoms in a?Si

have been normalized, such that the amplitude of the centraatrix. In this case, no nearest-neighb®Si pairs exist,

resonance peak is the same for the three spectra. which results in the absence of side peaks with 1100-Hz
For all crystal orientations, the central resonance line isplitting if By is oriented along one of thel11) directions of

very narrow (FWHM=170 Hz) and results from nearly iso- the crystal. If NMR becomes sensitive enough, it could also

lated 2°Si nuclei. The width of this peak is mainly due to be used to check the overall uniformity of the distribution of

inhomogeneity of the magnetic field over the sample volumesubstitutional dopants in bulk silicon, such #® atoms, for

since spin-echo experiments have shown that the effectivexample(nuclear spin;).

linewidth is less than 50 Hz. Some finer structure is visible Finally, we have measured the uniform chemical shit

for the [110] and[111] orientations. For better comparison, of single-crystal silicon with respect to (GHSi (TMS). As

the[100] resonance line is plotted on top of, respectively, thementioned in Sec. IV, there is negligible anisotropy of the

[110] and[111] resonance lines in Fig.(B). The side peaks chemical shift. The experiment has been performed with

are produced by pairs d’Si nuclei and the frequency sepa- naturally abundant silicon and the substitution method has

ration depends on the orientation of the axis of the pair withbeen used. A chemical shift dfg=(v5i— vims)/ VTvs=

respect to the magnetic field. As expected from &), the  —82.5+1 ppm is obtained.

data for the[110] orientation shows the presence of a side

structure with a splitting of about 550 Hz. In the spectra of VIl. CONCLUSION

the[111] orientation, a clear set of side peaks is visible with

a splitting of about 1000 HEEq. (3)] and an additional two  ,q_. _ . -
peaks at roughly 367-Hz splitting. Small deviations of the Si-enriched and naturally abundant single-crystal silicon.

; L : P . The spectra show significantly different line shapes ifBge
line splittings from the theoretical predictions are due to in-_ '~ . :

accurate orientation of the sample with respect to the magf-'_eld IS parallgl W'th’hreSpﬁCt'VE!y’ _tI"[SOO], [lrl]O], or [111] f
netic field. The side structure has been observed in previm%reCtIonS and we show t f.it this IS due ot e_anls_otropy 0
experiments with silicod? in which optical pumping has e magnetic dipole-dipole interaction. For tfSi-enriched

been used to overcome the low signal-to-noise ratio of thé2MPle, we analyze the effect of the scalar coupling on the
295i NMR spectrum, ine shape and describe how a more quantitative value can be

obtained with state-of-the-art equipment. Furthermore, we
have proposed NMR spectroscopy as a tool to characterize
the randomness of the distribution of dilute substitutional

magnetic nuclei in single-crystal samples with a diamond

structure. This technique is based on the ratios of areas of
NMR resonance peaks.

In conclusion, we have presented NMR spectra of

The amplitude of the side peaks is directly proportional to
the number of nuclei that form pairs. If tHéSi atoms are
randomly distributed in thé®Si matrix, a fraction of 0.047
of the atoms formsSi pairs with a specific bond orienta-
tion. For the[111] orientation, for example, the outer two
peaks are formed by &Si pair whose pair axis is parallel to
By. Every atom can be part of only one such paeee Fig.

1). Therefore, assuming a random distribution of i
atoms, the area under the outer two side peaks should be The authors would like to acknowledge Mark Sherwood
0.047 times the area under the full spectrum. In [th&Q] for very useful discussions and Kai-Mei Fu and Thaddeus
orientation, on the other hand, there are four possible paitadd for help with the manuscript. We are also grateful to
configurations containing the sam@si nucleus and produc- the IBM Almaden Research Center, San Jose, for supporting
ing the same line splitting. Therefore, to first order, the areais with NMR spectroscopy equipment. This work was sup-
under the two side peaks is expected to be 0:04%#0.19  ported by DARPA under the QuIST initiative.
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