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Spin-dependent transport processes in thin near-surface doping regions created by low energy ion

implantation of arsenic in silicon are detected by two methods, spin-dependent recombination using

microwave photoconductivity and electrically detected magnetic resonance monitoring the direct

current through the sample. The high sensitivity of these techniques allows the observation of the

magnetic resonance, in particular, of As in weak magnetic fields and at low resonance frequencies

(40–1200 MHz), where high-field-forbidden transitions between the magnetic sublevels can be

observed due to the mixing of electron and nuclear spin states. Several implantation-induced

defects are present in the samples studied and act as spin readout partner. We explicitly demon-

strate this by electrically detected electron double resonance experiments and identify a pair recom-

bination of close pairs formed by As donors and oxygen-vacancy centers in an excited triplet state

(SL1) as the dominant spin-dependent process in As-implanted Czochralski-grown Si. VC 2014
AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896287]

In the fabrication of semiconductor devices, ion implan-

tation is widely used to create thin layers doped with differ-

ent impurities for the realization of, e.g., p-n junctions or

ohmic contacts. Electron paramagnetic resonance (EPR) is

the characterization method for the identification of the dop-

ants and defects created during the implantation process and

the investigation of their microscopic structure.1,2 However,

conventional EPR measurements can usually only be per-

formed on samples implanted with relatively high ion ener-

gies and ion doses to get the necessary number of defects.

One possibility to enhance the sensitivity of EPR measure-

ments is the detection of spin-dependent conductivity (SDC)

in methods such as electrically detected magnetic resonance

(EDMR)3–5 or spin-dependent recombination (SDR).6

Indeed, using both experimental approaches, dopants and

defects after low dose low energy implantation have been

studied. SDR, where EPR spectra are detected by measuring

the microwave reflectivity of the sample, has been applied

to, e.g., the investigation of defects after implantation of

hydrogen7 and bismuth.8 In EDMR, where samples are

equipped with electrical contacts to observe SDC by moni-

toring the DC photoconductivity, as few as 50 phosphorus

donors could be detected, implanted at an energy of 14 keV

(Ref. 9). Using single electron transistors for detection, the

electron and nuclear spin state even of single low-energy-

implanted phosphorus donors in Si can be measured.10 In

addition to the higher sensitivity when compared to conven-

tional EPR, a specific feature of all SDC-based mechanisms

is the weak dependence of the resonance line intensities on

the strength of the external magnetic field.11–13 This allows

to observe EPR spectra at weak magnetic fields and low res-

onance frequencies without a loss of sensitivity.14 A

particular benefit of this is the possibility to extend EPR

experiments into a regime where the hyperfine interaction

between the electron and the nuclear spin is comparable in

strength to the electronic Zeeman interaction, allowing to

excite transitions between magnetic sublevels via EPR,

which are forbidden in higher magnetic fields.13

In this letter, we present a combined SDR and EDMR

investigation into the spin-dependent recombination involv-

ing defects produced by low energy Asþ ion implantation in

silicon. Resonance line positions at low magnetic fields

(�50 mT) are investigated by SDR and behave as expected

regarding the mixing of electron and nuclear spin states.

Furthermore, the spin-dependent processes leading to SDC

signals for As donors and defects in an excited triplet state

(SL1) after implantation in oxygen-rich silicon are investi-

gated with pulsed EDMR methods and evidence for a spin-

pair mechanism is found.

Asþ ions with energies of 30 keV and doses between

1013 and 5� 1015 cm�2 were implanted in high resistance

(>300 X cm, n-type) wafers of float-zone (FZ) and

Czochralski (Cz) grown silicon. The implantation was per-

formed at an angle of 7� from the crystal h100i orientation

through the native oxide layer. SDR measurements were per-

formed on samples �8� 4� 0.3 mm3 in size with an X-band

spectrometer (JEOL JES-RE3X) with a cylindrical TE011

cavity and magnetic field modulation with a modulation fre-

quency of 100 kHz. The SDR signal was detected as a change

in microwave photoconductivity of the sample illuminated by

white light from a 100 W halogen lamp under irradiation of

100–200 mW of microwave (mw) saturating the EPR transi-

tion. The temperature T could be varied in the range of

4–35 K using a helium gas flow cryostat. To suppress the

background due to the magnetoresistance of the sample, the

second derivative of the SDR signal was recorded.a)Electronic mail: david.franke@wsi.tum.de
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Before ion implantation, the spectra of surface recombi-

nation centers known as Pb0 centers15,16 and an isotropic line

with a g-factor of about 1.9996 (possibly due to conduction-

band-related paramagnetic species, cf. Refs. 17–19) were

observed in SDR for all samples. After implantation, the

spectra of radiation defects were observed as shown in Fig.

1(a). In oxygen-rich Cz Si, the SL1 spectrum20 belonging to

the excited triplet state of the neutral oxygen-vacancy center

OV0 is found. For the FZ sample, the PT1 signal arising

from the excited triplet state of a complex formed by two

substitutional carbon atoms and one interstitial silicon atom

(Cs –Sii –Cs)
6,21 is detected. Different measurement tempera-

tures were chosen to optimize the signal-to-noise ratios and

are given in Fig. 1(a). The intensities of these resonances

increase with increasing implantation doses up to the highest

dose studied here. Weak SDR spectra of isolated As dopants

are detected in the samples of FZ and Cz Si subjected to im-

plantation doses higher than 5� 1014 cm�2.

After high-temperature annealing (600–900 �C), the

SDR signal intensity was found to be strongly reduced,

which can be explained by the formation of a low resistance

layer near the sample surface reducing the quality factor of

the mw cavity and, consequently, the sensitivity of the SDR

detection. To remove this layer, the samples were etched in

15% KOH in H2O at room temperature, resulting in an etch-

ing rate of 15–20 nm/min (Ref. 22). The SDR spectra of FZ

samples subjected to this etch for different times are shown

in Fig. 1(b). For small etch durations, an increase in the

intensity of all lines with etching time is observed. After

12 min, however, the lines corresponding to As donors are

strongly reduced. From secondary ion mass spectroscopy

(SIMS) measurements performed on samples with slightly

different annealing conditions, we can estimate the dopant

concentration leading to strong SDR signals (8 min etching

time) to �1017 cm�3, whereas the As resonance lines seem

to vanish for concentrations �5� 1015 cm�3 (12 min).

One of the important specific features of SDC-based

measurements is the weak dependence of the signal intensity

on the strength of the external magnetic field. This is due to

the fact that the detection of SDC does not depend on the

Boltzmann spin polarization, but is governed by the spin

symmetry of close pairs, like weakly bound electron-hole

pairs in amorphous semiconductors23 or donor-acceptor pairs

in crystals.4,24 Therefore, it is possible to detect magnetic

resonance signals at weak magnetic fields, where also transi-

tions between magnetic sublevels which are forbidden in the

high-field limit can be observed. For the excitation of mag-

netic resonance transitions at weak magnetic fields and low

resonance frequencies (40–1200 MHz), a wire was coiled

around the FZ Si sample and connected to a radio-frequency

(rf) oscillator. At the same time, the reflectivity of the micro-

wave cavity (frequency �9 GHz) was recorded to detect

changes in microwave photoconductivity of the sample at rf

excitation.

The spin Hamiltonian for a neutral As donor in a mag-

netic field B0 (electron spin S¼ 1/2 and nuclear spin I¼ 3/2)

is given by

HS ¼ gleB0Sz � gnlnB0Iz þ A~S �~I ; (1)

where le and ln are the electron and nuclear Bohr magnetron,

respectively, g¼ 1.99837 and gn¼ 0.9596 are the electron

and nuclear g-factors, respectively, and A/h¼ 198.35 MHz is

the hyperfine coupling.25 For high magnetic fields

(gleBzSz � A~S �~I), four resonance lines corresponding to the

allowed transitions with selection rules DmS¼61, DmI¼ 0

are observed in EPR, where mS and mI are the electron and

nuclear spin projections, respectively. Calculated resonance

frequencies frf for these transitions as a function of B0 are

shown by the solid lines in Fig. 2(a). The observed line posi-

tions (crosses) for different radiofrequencies frf are in very

good agreement with the expected line positions. Figure 2(b)

exemplary shows the SDR spectra observed at frf¼ 900 MHz

and 400 MHz. Together with the As resonance lines the

FIG. 1. (a) High-field SDR spectra of Cz and FZ Si after 30 keV Asþ-ion im-

plantation (dose 5� 1015 cm�2) as detected before annealing. (b) High-field

SDR spectra of the FZ Si sample after subsequent annealing for 30 min at

750 �C and etching in KOH for different etching times.

FIG. 2. (a) Calculated resonance frequencies of the high-field-allowed

DmS¼61 As electron spin transitions (solid lines) and paramagnetic centers

with g¼ 1.9996 (dashed line). Crosses and circles are the experimentally

observed line positions for different resonance frequencies. (b) SDR spectra

of As-implanted FZ Si at frf¼ 900 and 400 MHz. (c) Calculated (lines) and

experimental (crosses and circles) line positions for low-field transitions

considering the mixing of electron and nuclear spin states (DmF¼61 transi-

tions). Full lines correspond to DF¼ 0, the dashed-dotted line to DF¼61.

(d) SDR spectra of As-implanted FZ Si detected at frf¼ 60 and 50 MHz.
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additional signal corresponding to recombination centers

with an isotropic g-factor g¼ 1.9996 is observed, indicated in

Fig. 2(a) by the dashed line and the open circles. Two weaker

lines originate from phosphorus donors present in the n-type

silicon wafers.

The eigenstates of As donors at weak magnetic fields

can be described by the total angular momentum F¼ Sþ I
(F¼ 1, 2) [cf. Ref. 26] with the corresponding projections

mF¼�1, 0, 1 and mF¼�2, �1,…, 2, resulting in six

allowed magnetic resonance transitions with DF¼ 0,

DmF¼61, two of which are degenerate [cf. solid lines in

Fig. 2(c)]. Due to the very different coupling strengths of the

driving magnetic field to the electron and nuclear spins, tran-

sitions corresponding to a change in F can also be observed

when DmF¼61 [dashed-dotted line in Fig. 2(c)]. Indeed,

the expected transitions are observed experimentally as a

change of microwave photoconductivity in the SDR spec-

trum in Fig. 2(d) and indicated by the crosses in Fig. 2(c).

An additional line at B0¼ 26 mT is seen independently

of the resonance frequency and is caused by the cross-

relaxation (CR) taking place when the resonance frequencies

of the paramagnetic centers with g¼ 1.9996 and As coin-

cide.27,28 Since the phase of the lock-in detection was chosen

to maximize the As signal in the in-phase signal, the differ-

ent dynamics of the CR process lead to a negative sign for

this line.

The observation of As and SL1 lines in the SDR spectra

of the Cz-grown samples suggests the presence of an

As–SL1 pair recombination process, which could offer a par-

ticularly sensitive spin readout as observed for 31P–SL1

pairs.14 Therefore, pulsed high-field EDMR experiments

were performed to further investigate the observed signal.

To this end, a Cz-grown sample was prepared with an inter-

digit contact structure (Cr/Au) after the implantation

(90 keV, 5� 1014 cm�2). The sample was neither annealed

nor etched. It was placed in an X-band microwave resonator

for pulsed EPR and a bias voltage of U¼ 0.5 V was applied,

resulting in a current of I¼ 10 lA under illumination with

red light. These measurements were performed at a tempera-

ture of T¼ 8 K. For pulsed EDMR experiments, short high-

power microwave pulses are applied and the transient change

in photocurrent is recorded directly after the last pulse.

Integration of this transient gives a charge signal DQ propor-

tional to the number of spin pairs in antiparallel configura-

tion at the end of the pulse sequence.29

Figure 3 shows DQ recorded after a spin-echo sequence

with an extra p/2 pulse for the projection of the magnetiza-

tion in the x-y-plane on the z axis30 as a function of the mag-

netic field B0. A four-step phase cycle was applied to

implement a lock-in detection for an improved signal-to-

noise ratio.31 As indicated in Fig. 3, the four allowed As tran-

sitions are observed as well as four resonances corresponding

to different SL1 transitions.20 Similar to experiments on
31P–SL1 spin pairs, the EDMR signal is observed as an

increase in conductivity and can also be recorded after

switching off the illumination (cf. Ref. 14).

To confirm the formation of As–SL1 pairs as the mecha-

nism responsible for the observed EDMR signal, we use elec-

trically detected electron double resonance (EDELDOR).32

In this pulsed EDMR method, pulses of two different

frequencies are applied to probe the two partners of a pair

process. Two frequencies fAs and fSL1 are chosen to match As

and SL1 resonance lines [as schematically shown by the

arrows in Fig. 3(a)], respectively, so that transitions for both

spins can be excited at the same magnetic field B0. A prepara-

tion pulse is applied on one of the resonances, followed by a

detection echo sequence on the other resonance, as indicated

by the pulse sequences in Figs. 3(b) and 3(c). Since for a pair

recombination process DQ depends on the spin symmetry of

the two partners, the detected signal will change with the

length spre of the preparation pulse in this case. If, in contrast,

the signals for SL1 and As result from independent mecha-

nisms, a preparation pulse with frequency, e.g., fAs will have

no influence on the detection echo with fSL1. However, as

shown in Fig. 3(b), an oscillation of the SL1 signal amplitude

is observed as a function of spre, reflecting the Rabi oscilla-

tions induced by the preparation pulse on the As resonance.

Since only one of the four As lines is addressed and the line

width [�25 MHz, cf. Fig. 3(a)] is larger then the excitation

bandwidth of the microwave pulses [2p pulse length

s2p	 75 ns¼ 1/(13.3 MHz)], an oscillation depth of about

15% is expected, which is in good agreement with experi-

ment (�12%). The EDELDOR experiment was repeated with

the roles of the As and SL1 resonances interchanged. Here,

an oscillation of the As signal amplitude could be observed

corresponding to the Rabi oscillations driven by the prepara-

tion pulse at frequency fSL1 [Fig. 3(c)]. In this case, the rela-

tive oscillation depth is slightly smaller, which is consistent

with the broader linewidth of the SL1 peak in the spectrum

[Fig. 3(a)]. The time constants for the recombination process

were determined to be sp¼ 610(10) ls and sap¼ 4.6(5) ls for

the parallel and antiparallel recombination time, respectively,

following the approach summarized in Ref. 14. These values

are of the same order of magnitude as the time constants

observed for corresponding 31P–SL1 pairs.

FIG. 3. (a) Echo-detected EDMR spectrum of As-implanted Cz-grown sili-

con for an angle of �10� of the h111i crystal axis with the magnetic field

B0. (b) EDELDOR oscillations of the SL1 echo amplitude in dependence of

the length spre of a preparation pulse on the As resonance. (c) EDELDOR

oscillations of the As echo amplitude in dependence of the length spre of a

preparation pulse on one of the SL1 resonances.
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In conclusion, we have demonstrated that SDC can be

used for the investigation of paramagnetic centers produced

in low dose low energy implantation in Si and experimental

conditions for the observation of isolated As donors and radi-

ation defects were found. Using SDR at low magnetic fields,

resonance transitions between As spin states corresponding

to a change DmF¼61 could be detected, some of which are

forbidden in the high-field limit. Pulsed EDMR experiments

on As-implanted Cz Si show that spin pairs of As donors and

SL1 centers are formed and can provide a sensitive readout

of the donor spin state. Furthermore, the time constants of

the involved spin-dependent process were determined allow-

ing to realize advanced EDMR measurements like pulsed

electron nuclear double resonance (ENDOR) of the 75As nu-

clear spin on these types of samples.
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