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Studies of implant activation in InAs have not been reported presumably because of challenges

associated with junction leakage. The activation of 20 keV, Siþ implants into lightly doped (001)

p-type bulk InAs performed at 100 �C as a function of annealing time and temperature was meas-

ured via Raman scattering. Peak shift of the Lþ coupled phonon-plasmon mode after annealing at

700 �C shows that active n-type doping levels �5� 1019 cm�3 are possible for ion implanted Si in

InAs. These values are comparable to the highest reported active carrier concentrations of

8–12� 1019 cm�3 for growth-doped n-InAs. Raman scattering is shown to be a viable, non-contact

technique to measure active carrier concentration in instances where contact–based methods such

as Hall effect produce erroneous measurements or junction leakage prevents the measurement of

shallow nþ layers, which cannot be effectively isolated from the bulk. VC 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4942880]

INTRODUCTION

InAs has attracted a large amount of attention for future

applications in nanowire FETs due to the high ballistic injec-

tion velocity1–3 and the more recent emphasis on low power

devices such as tunnel FETs because of the high tunneling

currents achievable in InAs heterojunction devices.4–7

Heavily n-doped source and drain regions are required to

reduce contact resistances and subsequent degradation in on-

state current in both of these device configurations. Previous

studies of n-type doping in InAs generally report n-layer for-

mation with Si is possible via growth8–10 and more recent

reports have studied monolayer doping of InAs using S.11

However, there are virtually no reports on the activation of

Si implants into InAs. This has been attributed to erroneous

Hall effect results associated with the poor junction isolation

in implanted InAs.12 More recent work has shown that it is

possible to study the doping concentration in InGaAs using

calibrated Raman spectroscopy and the goal of this work is

to similarly apply calibrated Raman spectroscopy to investi-

gate the activation of implanted Si in InAs.13–15

EXPERIMENTAL

Commercially available, 500 lm thick, 3 in. Zn-doped

InAs wafers with a background p-type concentration of

3� 1017cm�3 grown using the liquid encapsulated Czochralski

process were implanted with 20 keV, Siþ over a range of doses

from 1� 1013 to –1� 1015cm�2 at a 7� tilt and 25� rotation.

Additionally, the implantation was performed at 100 �C to pre-

vent amorphization. The ion implanter used in this work was an

Applied Materials VIIsta Trident ribbon beam ion implanter

operating with a beam current of 1.1 mA. Transmission electron

microscopy (TEM) was performed using a JEOL-2010F.

Fig. 1(a) shows TEM of the postimplant microstructure

observed in cross section for the highest dose, 1� 1015 cm�2

Siþ implant indicating that the crystallinity of the InAs was

preserved. This observation is consistent with other observa-

tions of the amorphization threshold of InAs being in excess

of 1� 1015 cm�2.16,17 The stopping range of ions in matter

(SRIM)18 was used to estimate Si concentrations for the

20 keV implants shown in Fig. 1(b). All samples were encap-

sulated with 15 nm of Al2O3 at 250 �C via atomic layer depo-

sition (ALD) with a Cambridge Nanotech-Fiji using a

exposure mode recipe resulting in a deposition rate of

1.1 nm/h after ion implantation to prevent surface degrada-

tion upon subsequent annealing treatments. Rapid thermal

annealing was performed with an AG Associates Heatpulse

4100 halogen lamp RTA with Ar ambient. A fixed ramp rate

of 60 �C/s was used to reach the temperatures ranging from

400 to 700 �C and annealing times of 1–90 s were used to

activate the implanted Si. Protective ALD Al2O3 layers were

stripped with HF prior to Raman measurements. Van der

Pauw Hall effect measurements are frequently used to mea-

sure the active dose of implanted semiconducting materials

after thermal treatment but van der Pauw Hall effect meas-

urements of 20 keV, 1� 1014 cm�2 Siþ implants into bulk

InAs treated with a 700 �C, 5 s RTA resulted in background

p-type sheet carrier concentrations equivalent to the as-

grown InAs material. This result is consistent with previous

work,19 which showed no discernable activation beyond the

background p-type doping of the sample presumably due to

junction leakage.20 Other reports of surface inversion layers

of InAs have resulted in measurement complications for

InAs heterostructures as well.9 The reported complications

of measuring electrical activation of implanted dopants into

InAs via Hall effect may explain the lack of previous reports

of dopant activation despite n-type implants being performed
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in earlier works. For this reason, non-contact optical methods

of carrier concentration were used to measure Si activation

for a range of annealing times and temperatures.

Previous authors have used Raman scattering to measure

free carrier concentrations making use of the fact that LO

phonons will readily couple with the plasma oscillations

of free carriers in InAs and other polar, III-V materi-

als.13,14,21–27 The Lþ phonon-plasmon coupled mode is espe-

cially sensitive to changes in the carrier concentration at

high n-type carrier concentrations in InAs where Raman

shifts towards higher wavenumbers correspond to increasing

free electron concentrations. Diffusion of Si in InAs beyond

the initial implanted profile may increase the active sheet

number measured by Hall effect precluding accurate carrier

concentration estimates without corresponding Si diffusion

data. However, the active carrier concentration estimated

from Raman shift of Lþ and L� modes is primarily sensitive

to the peak carrier concentration and will be minimally influ-

enced by active carriers in lower concentration regions

formed by extended diffusion. Raman spectroscopy for this

study was performed with a 532 nm laser on a Horiba Jobin-

Yvon LabRAM Aramis using a grating pitch of 1800 g/mm

with a charge coupled detector. All subsequently reported

Raman shifts are relative to the Rayleigh line of the 532 nm

laser. The probing depth at this wavelength (1/2a) was

calculated to be 21.4 nm based on the data for InAs collected

by Aspnes et al.28 The projected range of the implant is

calculated to be 26 nm based on SRIM. Previous work

done to correlate the peak shift of a Lþ phonon-plasmon

mode to active carrier concentrations measured by Hall

effect on MBE grown n-InAs on GaAs by Li et al.27 was

used to estimate the maximum active carrier concentration in

this work. The work by Li et al. fits a smooth calibration

curve to three measurements of active carrier concentration

from 9� 1018 cm�3 to 4� 1019 cm�3. Quadratic interpola-

tion between these previously reported values will inevitably

result in some uncertainty in active concentration values esti-

mated from the measured Raman shift. It is especially diffi-

cult to accurately estimate the carrier concentration for

Raman shifts that are extrapolations of their data.

RESULTS

Fig. 2(a) shows the Raman scattering intensity as a func-

tion of wavenumber relative to the Rayleigh line for the Lþ
coupled mode for 30 s anneals ranging from 400 to 700 �C

for the 20 keV 1� 1015 Siþ implants. The Lþ phonon-

coupling mode is shown to shift towards higher wavenum-

bers with increasing annealing temperature. Fig. 2(b) more

clearly shows the peak shift of L� and LO modes with

increasing annealing temperature. Annealing temperatures

below 500 �C result in no significant Lþ Raman shift over

that of the as implanted or as grown wafer, indicating that

anneals at 500 �C are required to result in significant activa-

tion of the implanted dopants. A peak shift of the L� mode

indicates that anneals as low as 400 �C still result in activa-

tion of implanted dopants to values less than 1� 1019 cm�3.

The observed intensity ratio of the L�/Lþ modes for the

obtained spectra of the 700 �C and 400 �C anneals was 8 and

30, respectively. The measured peak shift of the Lþ coupled

mode for the 30 s anneal at 700 �C is shown to be approxi-

mately 1660 cm�1. The estimated active carrier concentra-

tions in these samples based on the results by Yi et al. are

shown in Fig. 3. The highest annealing temperature of

700 �C resulted in an estimated peak concentration of

4.9� 1019 cm�3. Figs. 4(a) and 4(b) show the effect of

implanted dose on electrical activation for a 30 s, 700 �C
RTA. The Lþ peak shift is shown to move toward higher

wavenumbers with increasing implant dose, indicating that

higher implant doses resulted in higher active carrier concen-

trations. The lowest dose, 1� 1013 cm�2 implant, shows no

evidence of n-type activation. This result is not surprising

given that the peak Si concentration in this case is roughly

2.3� 1018 cm�3. The background p-type concentration of the

InAs is 3� 1017 cm�3. This suggests that for the lowest dose

studied, a 30 s RTA at 700 �C was not able to activate

enough of the implanted dopants to overcome the back-

ground p-type doping. The estimated carrier concentration

for the variable dose implants annealed at 700 �C for 30 s is

shown in Fig. 5. An isothermal annealing experiment with

times ranging from 1 to 90 s was also performed for varying

anneal temperatures for the 1� 1015 cm�2 dose implant. The

Lþ peak shifts as a function of annealing time are shown in

Fig. 6. The longest annealing time of 90 s resulted in a peak

shift of 1720 cm�1, which corresponds to an active carrier

concentration >5� 1019 cm�3 based on the results of Li

et al. Experimental measurements of carrier concentrations

for Raman shifts above 1600 cm�1 in InAs have not been

reported and it is not well understood how conduction band

non-parabolicity may affect the observed Raman shift at

high carrier concentrations. As such, it is difficult to properly

FIG. 1. (a) Post-implant cross-sectional

TEM (XTEM) of 20 keV, 1� 1015cm�2

Siþ implant performed at 100 �C. The

surface of the implanted InAs is indi-

cated by “S.” (b) Calculated Si concen-

tration profiles for 20 keV Siþ implant at

varying implant doses.
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estimate carrier concentrations above 5� 1019 cm�3. The

estimated active carrier concentration for the isochronal

annealing from 1 to 90 s is shown in Fig. 7 and increasing

annealing times at 700 �C are shown to steadily increase the

free carrier concentration.

DISCUSSION

Previous studies of electrically active implants into

InAs have not shown significant activation of the implanted

materials despite very high doses of electrically active

implants being used.19,29 Other studies of ion implanted n-

type impurities focus on damage production in these mate-

rials.30 The attempt to measure activation via Hall effect

resulted in no observation of Si activation, consistent with

attempts by previous experimenters,19 and this difficulty

may explain the lack of data on activation of implants into

bulk InAs and other semiconductors despite a number of

studies performing n-type dopant implants into InAs.

Activation of implants with annealing temperatures above

400 �C are consistent with reports that these annealing tem-

peratures are required to recover damage due to ion implan-

tation and cause subsequent movement of dopants onto

lattice sites.31 Previous studies have indicated that anneals

above 600 �C results in conversion from n-type activation

of Ge and Si implants to p-type19 based on photolumines-

cence results, but these earlier results are suspicious, given

that no type conversion was observed based on the Raman

shift in this work. The lack of type conversion even at high

annealing temperatures in this work and may indicate that

at high annealing temperatures surface degradation or some

other effect led to the spurious peak shift in the photolumi-

nescence spectra.

The maximum reported activation for growth-doped

InAs substrates is 6–12� 1019 cm�3.10,32 Implanted Si is

shown to activate up to 5� 1019 cm�3 in this work. The ob-

servation of decreased activation for implanted material rel-

ative to growth-doped material by other experimenters is

consistent with other reports of n-type dopants in III-V

arsenides. In the case of GaAs and In0.53Ga0.47As, previous

reports indicate that the maximum active carrier concentra-

tion achievable in these materials is much higher for MBE

and metal organic chemical vapor deposition (MOCVD)

growth-doped substrates than implant doped substrates.33,34

Heavy n-type doping of III-V arsenides generally results

in significant concentrations of compensated carriers and prior

MBE experiments report that Si doping >1� 1020 was neces-

sary to create layers with active carrier concentrations of

FIG. 2. Intensity as a function of Raman shift for InAs with a 20 keV,

1� 1015 cm�2 Siþ implant performed at 100 �C after annealing for various

temperatures from 400 to 700 �C. From (a) 500 to 2100 cm�1 emphasizing

the Lþ mode and (b) 125 to 260 cm�1 emphasizing the L� and LO modes.

FIG. 3. Active Si concentration as a function of annealing temperature for a

30 s RTA of a 20 keV, 1� 1015 cm�2 Siþ implant performed at 100 �C.
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6� 1019cm�3 (Refs. 10 and 32) and 3.5� 1020 cm�3 for an

active carrier concentration of 1.2� 1020 cm�3, indicating a

high concentration of electrically inactive Si. The peak of the

as-implanted Si concentration for the various implant doses in

this work were estimated using SRIM shown in Fig. 1(b). The

highest implant dose of 1� 1015 cm�2 results in a peak Si

concentration of 2.3� 1020 cm�3, which is much higher than

the observed Si activation level of �5� 1019. If minimal Si

redistribution upon annealing is assumed, the large difference

in active concentration and the implanted peak concentration

suggests that some Si is inactive after implantation and

annealing. The activation levels observed in this report is still

significantly higher than the activation levels achieved by pre-

vious S monolayer doping, suggesting Si implantation is an

effective means to create heavily doped, n-type InAs.

FIG. 4. Intensity as a function of Raman shift for InAs with a 20 keV, Siþ

implant performed at 100 �C after annealing at 700 �C for 30 s for doses

ranging from 1� 1013 cm�2 to 1� 1015 cm�2. From (a) 500 to 2100 cm�1

highlighting the Lþ mode and (b) the L� and LO modes from 125 to

260 cm�1.

FIG. 5. Active Si concentration as a function of implanted dose for a 700 �C,

30 s RTA for a 20 keV, 1� 1015cm�2 Siþ implant performed at 100 �C.

FIG. 6. Intensity as a function of Raman shift for InAs with a 20 keV,

1� 1015 cm�2 Siþ implant performed at 100 �C after annealing at 700 �C for

times ranging from 1 to 90 s.
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CONCLUSIONS

In conclusion, Si implants into bulk InAs were shown to

activate as high as 5� 1019 cm�3, and this activation level is

to our knowledge the first report of significant n-type activa-

tion from ion implantation in InAs. Efforts to characterize

electrical activation of shallow Si implants into bulk InAs

via Hall effect were unsuccessful, but scattering of the Lþ
phonon-plasmon mode in Raman spectroscopy clearly shows

activation and the creation of heavily n-type layers after im-

plantation and subsequent thermal annealing of 400 �C or

more for a wide range of implant doses.
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