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Liquid Phase Epitaxial Growth of Fe-Doped Semi- Insulating InP

M. Kondo, M. Sugawara, A. Yanaguchi, T. Tanahashi, S. fsozuni, and K. Nakajina

Fujitsu Laboratories Ltd., Atsugi.

10--l Morinosato-Wakamiya, Atsugi r 2/+3-01, Japan

Seni-insulating InP epltaxial layers with a resistivity as high as 8x107 ohm-cn
have been grown by liquid phase epitaxy using Fe as a d.opant and high growth
tenperatures. Behavior of Fe doping has been well explained by the solubility of
Fe in the growth solution and tenperature dependence of the distributi-on coefficient
of Fe. {e- conc^entration in semi-insulating layers has been estinated to be in the
high 10r2 cm-t range by SIMS analysis.

1. Introduetion

Serni-insulating (SI) InP epitaxial layers are
'eninently sultable for current confinenent layers
in InGaAsP/InP buried heterostructure (BH) lasers.
This is because both the l-eakage current and the
parasitic eapaeitance can be signiflcantly reduced

by their use.

The most conmon nethod for obtaining SI-InP
crystals is doping with transition netals. In
particular, Fe and Ti introduce nid-gap states
within the bandgap of InP and co'npensate for
residual impurities. SI-InP bulk crystals have

been grown .by d.oping with r"1) or Ti2) by the
liquid encapsulated. Czochralski (LEC) technique.

Recently, Fe-doped SI-fnP epitaxial layers have

also been grown by netalorganic chenical vapor

deposition ( l,tocvPl 3 ).

However, liquid phase epitaxial (Lpg) growth of
SI-InP layers d.oped with c"4), tr'"4), and. co5) has

been unsuccessful so far. The cause of the
diffieulty in LPE growth of SI-InP has been

assumed to be that the solubility of transition
metals in the growth soluti-on and.for the distribu-
tion coefficient are extrenely sma11 at the growth

tenperatures usually enployed (below 800'C).

In this work, we present the first report on

LPE growth of semi-insulating InP layers. This has

been accomplished by employlng Fe as a clopant and

high growth temperatures (above 850'C). We also

descrj-be the results of SIMS analysis and electri-
cal measurements on Fe-doped SI tr-ayers. Behavior

of Fe d.oping and several characteristics of Fe-

doped SI layers are discussed.

2. Experinental procedures

Undopecl or Fe-doped epi-taxial layers were grown

on (tOO) oriented Sn-doped ,r*- or Fe-doped. SI-InP

substrates. Growth tenperatures, Tg, were 8OOoC,

850"C, and pOO"C. Materials used were ?-nines In,
single crystalli-ne InP source with a carrier con-

centration of about /*x1015"^-3, and 4-nines Fe

powder. The resi-dual carrier concentration of
undoped layers was (z+t)xt015cm-3. The weight
percent of Fe, WF", added to the growth solution
was between 0.01 wt.Z and 2.Q wt,.7" of the growth

solution.
The most serj-ous problen in high tenperature

growth is thernal darnage to InP substrates and InP

epitaxial layers. To elinlnate this problen, an

InP wafer was faced to the InP substrate until
growth started, then another InP wafer was faced

to the as-grown epitaxial layer inmediately after
growth.

Resistivities of epitaxial layers were

neasured usi-ng Van der Pauw samples when they were

below 1x105 ohn-cn. When resistivities exceed.ed

1x'lO5ohm-cor they uere measured using ,r*(""p
layer) -SI (Fe-doped layer)-n+(substrate) strueture
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nesa diodes. These d.iodes were also used to
exanine electrj-cal characteristies of SI layers.

SIMS analysis was performed on undoped and Fe-

doped layers and an LEC grown Fe-doped SI-InP
substrate to estinate the eoncentration of Fe.

3. Results

3-1. Surface norphology

Figure 1 shows Nomarsky microphotographs of as-
grown surfaces of the undoped (a) and of the
O.[wt.% Fe-doped (b) layer grown at 900 

oC. Both
as-grown surfaces were mirror-like and significant
degradati-on by high tenperature growth and Fe

doping was not observed on the surface morphology.

'a,;

,,;.rl.;.i.,f.ii:,r,,i 
,1 
,, ZOO Fm ,

(b)

Fig. 1. Nonarsky mlcrophotographs of as-grown
surfaces of the undoped (a) and the 0.4 wt.% Fe-
doped. (U) fnp layer grown at 9O0oC.

3-2. Electrical characteri-stics

Figure 2 shows the resistivity at roon tempera-
ture as a funetion of the welght percent of Fe

add.ed to the growth solution. At all growth ten-
peratures, the reslstivity increased as the weight
percent of Fe increased.. In partieular, the resis-
tivity increased rapiclly above a critical- value
of weight percent of Fe, and then saturated at
about 5x1O5ohm-cm and 5x'1O?ohm-cm at the growth
tenperature of 850"C and !00"C, respeetively. The

highest resistivity achieved. was 8x1O7ohm-cm. This

is the highest value obtainecl by LPE and is
comparable to the resistivity of Fe-doped SI-InP
layers grown by MOCVD3). At the growth teurperature
of 80OoC, SI layers were not obtained.
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Fig. 2. Resistivity as a function of the weight
pereent of Fe add.ed to the growth soluti-on.

Typical current density(J)-voltage(V) char-
acterlstics of an ,r+-Sr-n+ diode are shown in
Figure l. Reslstivity and thickness of the SI-InP
layer were 8x1O7ohm-cm and 3.3 p.n, respectively.
At Iow applied voltage, J-V curves obeyed Ohnts

law. Above the Ohmic region, the current was in
proportion to the square of the applied voltage,
and then at a criticaL voltage the current
inereased rapidly.
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Tenperature d.ependence of the resistivity of
the SI layer is shown in Figure {. The activation
energy of the resistivity was 0.62 eV. This value
indi-cates that the Ferrni- leve1 lies almost at the

niddle of the bandgap of InP.

Ec - Er = 0.62 eV

2.0 2.5 3.0 3.5

Reciprocal of temperature ( 1 O3t f )

Fig. 4. Tenperature dependenee of the resistivi-ty.

3-3. SIMS analysis

Table 1 shows the result of SIMS analysis. The

reslstivity of eaeh layer is also shown. The

experinental- error was within a factor of two and

the d.etection linit of Fe was about 5x1014"*-3.

Whereas the concentration of Fe in all undoped

layers was below the detection Ilni-tr Fe was

detected. in all Fe-doped layers. The concentration

of Fe increased with inerease in the weight
percent of Fe or the growth tenperature. About

8x101 5 .^-3 of Fe was detected i-n a SI layer with
resistivity of 5x107 ohm-cn. This was several
ti-mes as high as the residual earrier concentra-

tion of undoped layers. In an LEC grown SI sub-

strate, about 2x101 6.^-3 of Fe was detected.

Table 1. Result of SIMS analysis.

No. Tg( "C) Wp"(wt.%) xflt"r-3) Resistivity(ohm-em)

/+. Discussion

l+-1. Interpretation of behavior of Fe doping

There are two inportant points in behavior of
Fe doping as shown in Figure 2.

The first point is that the resistivity satu-
rates above a critical value of weight percent of
Fe. This can be explained by the solubility of Fe

in the growth soluti-on. The solubility of Fe i-n

the indium soluti-on at each tenperature4) i" shown

with an arrow in Figure 2. Each value agrees well
with the weight percent of Fe where the resls-
tivlty saturates.

The seeond. polnt is that the resistivity in-
creases with increase in the growth temperature at
the sane value of the weight percent of Fe. This

can be explained by temperature dependence of the

distribirtion coefficient of Fe. Figure 5 shows the

distri-butlon coeffieient estinated fron the result
of SIM.S analysis as a function of the reciprocal
of growth tenperature. It was shown that the dis-
trlbution coefficient decreases in proportion to
the reciprocal of growth temperature. The distri-
bution coefflcient was about 2x1o-5, 5x1O-5, and

1x10-4 at 800''Cr 850oC, and 9oooc, respectively.
The distribution coefficient at 1O7O"C predicted

by extrapolating a linear line in Figure J agrees

well with that reported in reference 7 for LEC

grown Fe-doped InP crystals.
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Therefore, we can eonclude that the highest
reslstivity of LPE grown Fe-doped Inp layers at
each growth tenperature i_s limited by the solu-
bility of Fe in the growth solution, the distribu-
tion coeffieient of Fe, and the residual carrier
concentration.

/+-2. Analysi-s of cument-voltage eharacteristics

The concentration of eleetron traps in a SI
layer ean be estimated by the critical voltage in
eurrent-voltage characteristics shoi,rn in Figure l.

Figure 6 shows the critieal voltage as a

function of the thickness of the SI layer with a

resistivity of about Jx1Q7 ohm-cm. It was found
that the critical voltage, Vcr, is proportional to
the square of the layer thickness, L. The

experimental relation was as fo11ows, where V"" is
in volts and L in pm;

v""=1 .37xL2 (r )

From Lanpertts theory of the electron injection
eurrent controlled by electron traps6), the
critieal voltage is given by

V"r=(ep1/Ze)xLa ( z )

where e is the electron charge, pt is the
concentration of unoceupi_ed el.ectron traps in
thernal equilibrium, e is the dielectrle constant

I l0
Thickness (pm)

Fig. 6. Critical voltage as a functlon of layer
thiekness.

and L is the thi-ckness of the insulator. By using
€g. ( t ) and ( 2 ), P, was estinated to be about
2x101 5"^-3. This agrees well with the value pre-
dicted from the Fe concentration obtained by SIMS

analysis and the residual carrler concentration of
undoped layers.

InGaAsP/InP BH lasers usually operate at an
applied voltage of 1 to 2 V. In order to obtain
effective eurrent confinenent layers, SI layers of
V"r)2 V are necessary. The experlmental relation
of eq. ( 1 ) shows that the SI layer thieker than
't.2 pn is suf f icient to satisfy the condition of
Y 

"")2 
V. Therefore, LPE grown Fe-doped SI-Inp

layers can be applied to BH lasers because current
confinenent layers thieker than 1.2 Um can be

easily grown by LPE.

5. Conclusion

Semi-insulating InP epitaxial layers with a

resistivity as high as 8x1 O7 ohn-en have been
grown by liquid phase epitaxy usi_ng Fe as a dopant
and high growth ternperatures. Behavior of Fe

doping has been well explained by the solubility
of Fe in the growth solution and the temperature
dependence of the distribution coefficient of Fe.

Fe concentration in SI-Inp layers has been
estiurated to be in the hlgh 1015 "^-3 range by
SIMS analysis.
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