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Electron spin resonance (ESR) spectra of surface and interface recombination centers recently

observed on (001) silicon wafers, labeled Pm and KU1, were studied using spin dependent

microwave photoconductivity. Both ESR spectra, having the orthorhombic symmetry and spins

S¼ 1/2 and S¼ 1 for Pm and KU1, respectively, were observed in the commercially available

surface oxidized (001)-Si wafers. Systematic studies on annealing and oxidation conditions for

the Pm and KU1 formation conclude that both ESR spectra arise from the same center that contains

the interaction between the two nearest Si dangling bonds on the (001) Si surface. Published by
AIP Publishing. https://doi.org/10.1063/1.5010816

INTRODUCTION

Defects on silicon surfaces and those at interfaces

between silicon and silicon dioxide have been studied exten-

sively for the past 40 years because they can affect the device

performance of metal–oxide–silicon field-effect transistors.1

Electron spin resonance (ESR) spectroscopy is a powerful

technique because it provides information about the micro-

scopic structure of defects. Many defects found by ESR at

the Si/SiO2 interface originate from silicon dangling bonds,

such as Pb centers2 in (111) interfaces and Pb0 and Pb1 cen-

ters in the (001) interface.3–7 To form a high enough density

of Pb centers for the detection using the traditional ESR tech-

nique, the silicon wafers are subjected to high temperature

(>800 �C) oxidization for several hours. Moreover, up to 20

silicon samples are packed in single ESR cavity to increase

the signal. A typical Pb density is about (1 – 3)� 1012 cm�2

for a SiO2 layer with a thickness of 20 – 120 nm.4,6

It has been shown that the thickness of the oxide layer

on the silicon surface is about 0.2 nm immediately after

immersion in hydrofluoric acid (HF) and reaches �1 nm dur-

ing 7 days of oxidization in air at room temperature.8 The

density of paramagnetic surface centers created in the native

oxide interfaces is too low to be detected using the normal

ESR technique. However, some of such centers can act as

recombination centers and can be observed using a special

ESR technique using a highly sensitive spin-dependent-

recombination (SDR) detection that monitors the change of

microwave photoconductivity under magnetic resonance.9–12

Such a SDR-ESR detection scheme has the sensitivity of a

few orders of magnitude higher than that of the conventional

ESR method. Applying the SDR-ESR detection scheme,

photoexcited spin-triplet (S¼ 1) defects in irradiated sili-

con11,12 and in ion implanted layers has been observed.13–15

In the previous investigations, we reported the observa-

tion of two new ESR spectra of surface centers using the

SDR-ESR method: the Pm center (spin S¼ 1/2)16 and KU1

(spin S¼ 1).17 Both defects have orthorhombic C2v symmetry

and exist in the Si/SiO2 interfaces of commercially available

Si (001) wafers. The Pm center was found at the interface

between silicon and native oxide using an isotopically

enriched 28Si sample with a concentration of 29Si nuclear

spins reduced to 0.017%, which led to narrowing of the SDR-

ESR lines for proper identification. However, in the naturally

abundant silicon containing 4.7% 29Si isotopes, the lines orig-

inating from the Pm center overlap with lines of the Pb0 and

Pb1 centers, making it impossible to identify the Pm center

independently. The S¼ 1 KU1 spectrum has a relatively high

fine structure splitting, about 85 mT, and is well-observed in

any naturally abundant (001) Si wafers having a native SiO2

layer.17 It was suggested that the KU1 spectrum arises from

the excited triplet state of the Pm center. The density of Pm

centers is comparable with Pb-like centers and show spin-

dependent recombination to affect the photoconductivity.

Therefore, the presence of Pm centers can affect the perfor-

mance of semiconductor devices as much as Pb centers.

In this paper, we perform a systematic study of the Pm

and KU1 centers together using SDR-ESR spectroscopy.

Conditions of the Pm and KU1 spectra formation, including

the influence of how the surface SiO2 are formed, are investi-

gated. The correlating behavior of the Pm and KU1 spectra

and the hyperfine structure lines in the KU1 spectrum allow

us to confirm our previously suggested model, which indi-

cated that the same center is responsible for these spectra.

Additionally, an observation of the spin flipping in the

excited triplet states of the surface recombination centers

without irradiation of the ac excitation field for ESR is dem-

onstrated when the externally applied dc magnetic field is

tuned to the magnetic fields corresponding to the anticross-

ing points of the magnetic sublevels of the defects.

EXPERIMENTAL

The experiments were carried out with commercially

produced n-type (001)-oriented silicon wafers, float-zone

grown silicon (Fz-Si) with a resistivity of 2500–5000 X�cm,
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and low resistance (�10 X�cm) n- and p-type Czochralski

grown silicon (Cz-Si) samples. The n-type Cz-Si samples

were subjected to thermal oxidization in dry oxygen after

removal of the native SiO2 layer by immersing them in 46%

water solution of hydrofluoric acid (HF).8 The thickness of

the thermal oxide layer was measured by ellipsometry

(Table I).

The concentration of paramagnetic surface centers on sili-

con is too low to be detected by conventional ESR spectros-

copy. However, the ESR spectra of low concentration

paramagnetic defects can be obtained using SDR effects when

the recombination rate of the photoexcited free carriers and,

consequently, the photoconductivity of the sample depends on

the spin state of the recombination centers. The ESR spectra

can be detected by monitoring the change in microwave photo-

conductivity through the change in the Q-factor of the cavity.

The detailed descriptions of SDR mechanisms and SDR-ESR

detection are provided in Refs. 9 and 16–19.

In this work, the SDR-ESR experiments were performed

with an X-band (9 GHz) ESR spectrometer (JEOL JES-

RE3X). The samples, of size 3.5� 10� 0.3 mm3 with the

long edge oriented along h110i axis of the crystal, were

placed in the cylindrical TE011-mode cavity. The tempera-

ture of samples in the range of 20–200 K was adjusted using

an Oxford Instruments ESR-900 helium-gas-flow cryostat.

The SDR-ESR spectra were observed as the change of micro-

wave photoconductivity of samples under the saturation of

magnetic resonance using microwave power in the range of

60–120 mW. Microwave photoconductivity is caused by

absorption of the electrical component of the microwave field

by photo carriers excited by illumination using a 100-W halo-

gen lamp. A magnetic field modulation of 100 kHz was used,

and the second derivative of the absorption signal on the

magnetic field was detected. The magnetic field modulation

amplitude was about 0.1–0.2 mT for detecting the Pb-like

spectra with spin S¼ 1/2 and 2 mT for detecting the triplet

S¼ 1 KU1 spectrum that had larger linewidths.

The lock-in amplifier phase was determined by the sample

photoconductivity response to the controlled 100-kHz magnetic

field modulation. The lifetime of the photoexcited carriers in

pure silicon is comparable to or longer than the modulation

period, tm �10�5s, which requires an almost 90� phase shift of

the signal with respect to the field modulation. The lock-in

amplifier phase was adjusted for each sample to maximize the

signal intensity. The magnetic field applied to samples was cali-

brated by the well-known isotropic ESR spectra; phosphorus

donor electrons (S¼ 1/2, g-factor¼ 1.99850, and hyperfine

constant A¼ 117.53 MHz); and Mn2þ in MnO powder.

RESULTS AND DISCUSSION

No samples showed the ESR spectra of the surface

recombination centers without illumination. Only with the

microwave photoconductivity measurements under the elec-

tron spin resonance conditions did we observe the SDR-ESR

spectra in our silicon samples with native or thermal oxide

layers. Typical spectra for (001)-wafer surfaces are shown in

Fig. 1. With a wide scan of the magnetic field [Fig. 1(a)], the

KU1 (spin S¼ 1) spectrum was observed. A strong broad

line at B� 323 mT originates from a number of Pb-like (spin

S¼ 1/2) surface centers, all combined. An expanded central

part of the spectra recorded with low modulation amplitudes

is shown in Fig. 1(b). In n-type silicon [trace 2 in Fig. 1(b)],

phosphorus lines are detected. Note that the KU1 spectrum

was not observed in (111) Si wafers where the dominant

S¼ 1/2 spectrum comes from Pb centers. The spectra shown

in Fig. 1 are identical for all samples and composed of poorly

resolved lines of surface S¼ 1/2 centers.

Figure 2 shows the SDR-ESR spectra detected at two

orientations of the n-type 10-X�cm sample in magnetic fields

Bjj[110] (a) and Bjj[001] (b) together with the calculated

positions of the Pb0 and Pb1 spectra for different orientations

(lines) using the g-tensor components summarized in Ref. 6,

and for the Pm spectrum with parameters taken from Ref. 16.

Apparently, the low resolution of spectra at the X-band

makes it difficult to identify all peaks completely. However,

for some orientations, such as near Bjjh110i, the lines from

the orthorhombic Pm center were observed. Therefore, in

addition to the ESR spectra of the surface dangling bond

centers Pb, Pb0, and Pb1, the recently reported KU1 and Pm

TABLE I. SiO2 layer thickness of the thin film on n-type Cz-Si samples.

Temperature of oxidization (�C) 850 850 900 950

Time (min) 17.7 63 170 281

SiO2 thickness (nm) 1.9 2.6 5.0 10.3

FIG. 1. (a) SDR-ESR S¼ 1 KU1 spectra and (b) surface spin S¼ 1/2 spectra

detected with an n-type 5000-X�cm (001) Fz-sample (trace 1), an n-type

10-X�cm (001) Cz-sample (trace 2), and a p-type 10-X�cm (001) Cz-Si

sample (trace 3) with native oxides that formed naturally in air.
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spectra associated with the Si (001) surface with the native

or thermally produced SiO2 layer were observed. The inten-

sities of the KU1 and Pm spectra are approximately the same

for the samples after dry oxidation.

The line labeled I at B � 324.5 mT was observed in all

the investigated samples at temperatures below 30 K. This

line, with the g-factor of 1.9996 6 0.0002, was reported in

Ref. 16. As can be seen from Fig. 2, this line was slightly

anisotropic and shifted to a weaker field of about 0.07 mT

when the magnetic field direction changed by 90� from

the h110i to h100i axes. The intensity of the I-line decreased

after the removal of the oxide by HF acid. The origin of

I-line remains a mystery.

As expected, the removal of the SiO2 layers by immers-

ing the samples in 46% water solution of HF changed the

SDR-ESR spectra. Figure 3 shows the spectra detected with

Fz 5000-X�cm Si before and after the removal of the oxide.

Here, the widths of the KU1 and Pm spectral lines decreased

after the removal of the SiO2 layer. This reduction of the

linewidths can be attributed to the relaxation of random

strains produced by the stress arising from the lattice volume

mismatch between the silicon and oxide layers.20 The inten-

sities of the Pb0 and Pb1 spectra also decreased by the hydro-

gen termination of the dangling bond centers.21 However,

the Pm center, composed of the two nearest interacting Si

dangling bonds forming a molecular orbital, was less sensi-

tive to the hydrogen passivation. After keeping the samples

in air at room temperature for 7–10 days, all the spectra

returned to the original ones, as shown as trace 1 of Fig. 3.

The fine structure splitting DBD of the S¼ 1 KU1 spec-

trum [see Fig. 3(a)] increased from 82.8 to 86.1 mT after the

removal of the SiO2 layer. The fine structure of the S¼ 1

spectra are described by the Hamiltonian

H ¼ gbBSþ SDS; (1)

where b is the Bohr magneton, g and D are the tensors with

the components describing the symmetry of the centers. D is

the traceless tensor describing the dipole-dipole interaction

between the two electrons forming spin S¼ 1. For S¼ 1/2,

only the first term in Eq. (1) becomes relevant.

The experimental angular dependences of the KU1 and

Pm spectra are shown in Fig. 4 with filled circles. The lines

FIG. 2. SDR-ESR spectra detected in n-type 10-X�cm (001) Cz-Si subjected

to dry oxidization at 850 �C for 17.5 min at Bjj[110] (spectrum a) and

Bjj[001] (spectrum b), and calculated angular dependences for Pb0 (black

curves), Pb1(green curves) and Pm (red curves). The microwave frequency

was f¼ 9.05664 GHz.

FIG. 3. SDR-ESR detected with the same Fz 5000-X�cm (001) Si sample

before (1) and after (2) removal of the surface oxides by HF. Here, the third

and fourth Mn2þ lines of the MgO powder were used for calibrating the

magnetic field.

FIG. 4. Angular dependences of the (a) KU1 and (b) Pm SDR-ESR spectra

measured immediately after removal of oxide by HF treatment. Solid and

dashed lines represent complete calculated dependences assuming C2v sym-

metry. The solid curves are for those centers oriented along two different

orthogonal h110i axes on the Si (001) surface.
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show the calculated dependences using the parameters listed

in Table II and determined by fitting the calculations with

the experimental points. Both spectra were well-described by

the orthorhombic C2v symmetry of the g and D tensors. In

bulk silicon, there are six equivalent orientations that have

C2v symmetry. However, only two orientations were

observed in the experiments; the centers oriented along two

orthogonal h110i axes on the Si (001) surface, as represented

by the solid lines in Fig. 4. The similar symmetry and behav-

ior of the KU1 and Pm spectra allow us to conclude that both

spectra arise from the same surface center containing even or

odd numbers of electrons. A microstructural model we pro-

pose is shown in Fig. 5. Two dangling Si bonds form the

bonding (uaþub) and the antibonding (ua–ub) molecular

orbitals occupied by two electrons in the neutral charge state.

When two electrons are in a bonding orbital, their spins are

antiparallel, giving the total spin S¼ 0. Under illumination

and recombination of the photoexcited electrons and holes,

the two electrons can occupy different (uaþub) and

(ua�ub) orbitals with parallel spins forming the metastable

triplet S¼ 1 state responsible for the KU1 spectrum.

The spin S¼ 1/2 Pm spectrum may arise from the center

containing one or three electrons corresponding to positive

or negative charge states, respectively. Here, we suggest a

model of a center containing two dangling bonds similar to

the case of the A-center (a complex of oxygenþ vacancy in

silicon)22,23 giving the S¼ 1/2 ESR spectrum in the negative

charge state. It was found that the intensity of the Pm and

KU1 spectra in p-type silicon were lower compared with that

in n-type silicon. This allows us to suggest that the Pm spec-

trum arises from the negative charge state. Note that the

g-tensor values of the Pm center shown in Table II remain

the same with and without the SiO2 layer.

The maximum fine structure splitting DBD of the KU1

spectrum was observed at B jj[110]. This splitting was deter-

mined by the D1 component of D, depending on the distance

r between the two electrons localized on the dangling bonds

of the two nearest Si atoms as 1/r3. Comparing the distance

between the two Si atoms for the excited triplet states of the

neutral A-centers (a complex of oxygenþ vacancy) in sili-

con,24 the distance r can be estimated as �3.60 Å for the sur-

face center after the removal of the oxide in HF and �3.63 Å

for centers having the SiO2 layer on top. It suggests that the

oxide layer imposes mechanical stress, increasing the dis-

tance between the two nearest Si atoms to �0.03 Å. Our pro-

posed model predicts the hyperfine (hf) interaction between

the electrons and the 29Si nuclei (spin I¼ 1/2 and abundance

4.7%) that can be located at the two nearest sites. The hf
structure of the KU1 ESR lines was observed and shown in

Fig. 6. The relative ratio of hf line intensity to the central

line is �0.4, approximately two times higher than the hf
interaction with one 29Si nucleus only. This is consistent

with our suggestion that the two equivalent Si atoms exist in

the center.

Additional evidence that the KU1 SDR-ESR spectrum

arose from the excited triplet state of the proposed micro-

structure is the observation of microwave photoconductivity

change under a scanning magnetic field when the externally

applied magnetic field corresponded to the anticrossing

points of the magnetic sublevels. Here, no extra energy was

needed to go between the two levels, so flipping of the elec-

tron spin occurred without the externally applied ac excita-

tion fields. The results are shown in Fig. 7. The energy levels

were calculated using the parameters of the spin

TABLE II. Principal values of g and D matrices. Numbers 1, 2, and 3 correspond to the [110], [1ı̄ 0], and [001] axes of the Si crystal, respectively.

Spectrum, spin g1 g2 g3 D1 D2 D3 Fine structure splitting DBD at Bjj[110], mT experiment

(60.0002) MHz, (62 MHz)

Pm S¼ 1/2 2.0093 2.0029 2.0036 … … … …

KU1 S¼ 1 after HF treatment 2.0060 2.0105 2.0080 6800 7350 7450 86.1

KU1 S¼ 1with the SiO2 layer 2.0040 2.0105 2.0080 6775 7347 7428 82.8

FIG. 5. Microstructure model of the di-Si dangling bond center at the (001)

interface.

FIG. 6. The hyperfine (hf) structure of low (a) and high field (b) lines of the

KU1 spectrum caused by interaction with 29Si nuclei occupying the two

equivalent nearest-neighbor atomic positions.
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Hamiltonian listed in Table II for two orientations of the

magnetic field corresponding to principal axes of g and D
tensors. The positions of the observed lines of microwave

photoconductivity shown in Fig. 7 agree with the calculated

values of magnetic fields corresponding to the anticrossing

points of the magnetic sublevels of the considered center.

CONCLUSIONS

Two ESR spectra, Pm (spin S¼ 1/2) and KU1 (spin

S¼ 1), of orthorhombic symmetry arising from the recombi-

nation centers localized on an Si (001)-oriented surface with

or without a native or thermally produced SiO2 layer were

investigated using a spin dependent microwave photocon-

ductivity method. Both spectra are sensitive to the mechani-

cal stress imposed by the SiO2 layer to the Si surface. The

removal the oxide layer by chemical treatment in HF leads

to a decrease in the linewidths of both spectra and to an

increase in the fine structure splitting for the KU1 spectrum,

as determined by the magnetic dipole interaction between

the two electrons forming a spin S¼ 1 center. This shows

that the mechanical stress due to SiO2 increases the distance

between the two interacting electrons with respect to the

case where no SiO2 layer is present. The mechanical stress

also affects the g1-component of the KU1 spectrum.

However, the change in the Pm g-tensor components between

with and without SiO2 was not observed.
29Si hf structure splitting of the KU1 spectrum was

observed, and the analysis concluded that the 29Si nuclei

occupy the two nearest equivalent positions along the

h110i directions on the (001)-Si surface. Based on this obser-

vation, a model of the center responsible for the Pm and KU1

spectra arising from the two nearest interacting dangling

bonds that form bonding and antibonding molecular orbitals

was suggested. Moreover, the KU1 spectrum was suggested

to arise from the excited triplet states of the neutral Pm center.

The change in the microwave photoconductivity without

a magnetic resonance excitation field was found at the mag-

netic fields corresponding to the anticrossing points of the

magnetic sublevels of the KU1 center. This change in the

photoconductivity at the predicted anticrossing field sup-

ported the validity of the microstructural model that we pro-

posed for the two centers.
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