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Proton isolation revisited

Proton implantation was first used back in

the early 1970s to create high resistivity

material in GaAs, in order to electrically

isolate neighbouring devices from one

another. The technique called ‘proton iso-

lation’ has been widely used over the past

thirty years, however, there are problems

with its application, particularly to InP

based semiconductors. There are also 

concerns about the thermal stability of the

implanted material.  For these and other

reasons, we have carried out, and in some

cases, repeated, a basic study of electrical 

isolation in GaAs, InP and InGaAs. 

We aimed to improve our understanding of

the technique and demonstrate the 

thermal stability of high resistivity materi-

al following process cycles. 

As a result, we expect to be able to offer

more informed and more accurate advice

to users of the Surrey Ion Beam Centre

who wish to employ implantation for

electrical isolation of devices and circuit

components. We have made a number of

new discoveries, summarised in the fol-

lowing paragraphs, and have significantly

improved our understanding of the 

technology.

Importance of 
temperature

Our first important discovery was that

performing the implant into GaAs held at

a temperature of 200oC (rather than room

temperature) improved the thermal stabil-

ity of proton isolated material and broad-

ened the temperature window (see Figure

1). What we also found was that the opti-

mum annealing temperature to get the

highest resistance was about 350oC.

The use of helium ions was found to pro-

duce even higher resistivities and an

improved thermal stability (process win-

dow about 200-650oC) when implants

were performed at 200oC, rather than at

lower temperatures. For helium ions the

optimum annealing temperature was

determined to be about 450oC (Figure

2). However when boron, nitrogen or

oxygen ions were used, it was found

that, unlike protons and helium ions, the

implant temperature had only a small

effect on the resistivity. For all of these

ion species, the optimum annealing tem-

perature to obtain maximum resistance
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Figure 2: Sheet resistivity as a function of annealing temperature for different ion species implanted into n-
type GaAs at 200°C. The peak resistivity moves to higher temperatures as the ion mass increases: 250keV,
3x1014 H cm-2, 350°C; 600keV, 2x1014 He cm-2, 450°C; 1.5MeV, 2x1014 B cm-2, 500°C; 2MeV, 1x1014 N

cm-2, 650°C; 2MeV, 1x1014 O cm-2, 650°C.
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Figure 1: Sheet resistivity as a function of annealing temperature for n-type GaAs layers irradiated with
3x1014 protons cm-2 at 250 keV. The data also shows the effect of varying the substrate temperature. The

annealing time was 60s. The temperature window to get high resistivity material is clearly increased after
implants at 200°C.
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was found to increase with increasing

ion mass and was a maximum of about

650oC in the case of oxygen (Figure 2).

We also observed that, depending on the

proton dose and the substrate tempera-

ture during implantation, the resistivity

of the isolated material varied exponen-

tially with temperature, giving up to nine

activation energies between 0.14eV and

0.72eV.The lowest value of about 0.14eV

occurs only for high doses, and was not

present for hot implants, demonstrating

that different defects occur depending

on the substrate temperature and the

dose. After annealing at 350oC, only high

activation energies of 0.6, 0.67 and

0.71eV were recorded with correspond-

ingly high resistance values, confirming

that the shallow defects need to be

removed in order to obtain the highest

resistivity. The equivalent activation ener-

gy for bulk, Semi-Insulating (SI) GaAs was

measured to be 0.72eV, which corre-

sponds to the well-known EL2 defect.

Carrier concentrations 

Other experiments on GaAs showed clear-

ly that the optimum conditions to obtain

maximum resistivity vary with the initial

carrier concentration (Figure 3). From

these results we have devised a predictive

model, which is currently being devel-

oped into a computer programme to aid

the use of this technology by industry.

Early work showed that protons could be

used to electrically isolate p-type InP in a

similar way to GaAs, but n-type InP

posed some difficulty and the resistivity

attained was low due to the Fermi level

being pinned in the top half of the

bandgap. However, values up to about

106 ohms/square have been reported

subsequently. A major problem with

using protons is the poor thermal stabili-

ty, but we have found that He in InP pro-

vides a great improvement (Figure 4) and

the structures are stable up to about

500oC.We find that the resistivity of He

implanted InP depends exponentially on

temperature, with at least four different

levels being identified between 0.23eV

and 0.55eV, with the lowest only present

for room temperature implants.

High and thermally stable resistivities

have been demonstrated for He in n-

type InP (Figure 4), but similar treat-

ment of InGaAs produces resistivities a

hundred times lower. Proton implanta-

tion produces even lower resistivities in

both n-type InP (Figure 4) and n-type

InGaAs. So we have looked at ways of

improving this situation by implanting

Fe into the conducting region, since

iron is used to create single crystal, SI

InP Czochralski ingots.We found resis-

tivities of about 107ohms/square for Fe

implants in both n-type (figure 5) and

p-type InP which were stable up to at

least 500oC, the p-type material having

slightly higher resistivities. Unlike GaAs,

there was no advantage in implanting

into a hot substrate. Similar implants of

Fe into n-type InGaAs also produced

high resistivities approaching 106ohms/

square with slightly higher values

obtained for 77K implants compared

with RT (Figure 6).These layers were

stable up to about 500oC, but a second,

higher, narrow peak in resistivity occurs

at about 650oC. Implants into p-type

InGaAs produce even higher values,

about 107ohms/square, the maximum

(2x107ohms/square) occurring after

annealing at 500oC, but it was neces-

sary to implant at 77K to get this very
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Figure 3: Threshold dose versus initial sheet electron concentration for four ion species implanted into
GaAs at room temperature. The threshold dose is the minimum required to get maximum resistivity.

Higher doses produce a reduction in magnitude of the resistivity. 
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Figure 4: Sheet resistivity as a function of annealing temperature for 250keV protons and 600keV heli-
um ions implanted into n-type InP layers to doses of 5x1014 cm2 and 2x1014cm2 respectively at RT. 

The data show clearly the advantage in using helium over the use of protons to produce high resistivity
material with good thermal stability to 450°C.
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high value. Fe implanted p-type InGaAs

layers were found to be stable up to

about 600oC.

Hot wins over cold

We conclude that for protons and He ions

in GaAs, hot implants are far better than

cold implants, producing higher resistivi-

ties and improved thermal stability. Also

higher mass ions, which should be

implanted at room temperature, produce

more damage and provide a means to fur-

ther increase the thermal stability, with-

out reduction in resistivity. For InP and

InGaAs, raising the implant temperature

following proton implantation tends to

degrade the thermal stability and reduce

the maximum obtained resistivity. In con-

trast, implanting helium ions into InP at

room temperature produces high resistiv-

ities (approaching 107ohms/ square) and

increased thermal stability to about

450oC. Additionally, implanting iron

directly into the conducting layer pro-

duces very similar resistivities, which are

stable to about 500oC.

Results for InGaAs always produce

lower resistivities than obtained for InP,

when light mass ions such as protons

and helium ions are used.The best

results, however, are obtained when

iron ions are implanted at 77K, which

produces resistivities close to 107ohms/

square and thermal stability to 500-

600oC.
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Figure 5: Sheet resistivity as a function of annealing temperature for 1MeV iron implanted into n-type
InP layers to a dose of 5x1014cm-2 at 77K, RT, 100oC and 200°C. The low temperature implants 
produce the highest resistivities. The layers are thermally stable to about 500°C.
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Figure 6: Sheet resistivity as a function of annealing temperature for 1MeV iron implanted n-type
InGaAs layers to a dose of 5x1014 cm-2 at 77K, RT, and 200°C. Also included are the results for p-type
InGaAs implanted at 77K, showing the higher resistivity values obtained compared with n-type 
material, coupled with good thermal stability to about 600°C.
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