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Correlation between Dominant Deep PL Bands and Fermi Level in Undoped LEC SI-GaAs

Toshio KTKUTA, Haruo EMoRr, Tsuguo FUKUDA and Koichi rsHrDA

Optoelectronics Joint Research Laboratory
1333 Kamikodanaka, Nakahara-ku, Kawasaki 2II

we have found that presence of different dominant deep pL band at 0.65 eV orat 0.80 eV in undoped SI-GaAs is reLated to the Fermi energy beLow the conduction
band Ec-EF. The 0.80 eV dominant crystals exhibit high value of Ec-EF, while the
0.55 eV dominant crystals exhibit relatively low value. The absorptiori coefficient
related to ELz is consistently smaller in the 0.80 eV dominant crysLals than in the
0.65 eV dominant crystals as a resuLt of increase in E.-Ep. Some possible origins ofthe 0.80 eV band are discussed.

(1) Introduction
Development of GaAs ICs and optoelectronic

devices depends critically on a reliable supply of
semi-insulating (SI) GaAs substrates wiEh con-
trolled electrical properties. Extensive studies
abodt undope LEC SI-GaAs have been carried out
recently, because it is the most promising
substrates for these devices. Eowever, the opt.ical
and electrical properties of undoped SI-GaAs

obtained from various suppliers still lack
uniformity and reproducibility, . and they are
considerably scattered even alnong the substrates
obtained from one ingot. Therefore, it is highly
required to study a possible origin of these

variations. In the present paper, the intensity of
dominant deep PL ernission band, resistivity and near

infrared absorption coefficient in a large number of
wafers are explained consistently by the shift of
the Fermi level position.

(2) Determination of tbe EL2 concentration
The standard techniques for the determination

of the EL2 concentration, such as transient
capacitance or transient. current spectroscopies, are

not readily applicable to SI material. Accordingly,
the optical absorption method has been widely used

for the determination of the ELZ concentration.
Since the absorption coefficient depends on elecEron

tansitions from the occupied ELZ (EL2o) to the

conduction band and hole transitions from the

unoccupied EL2 (EL2+) to the valence bandl), it.'s

D-2-3

necessary to determine the electron occupancy f of
the EL2. Figure I shows the activation energy AEi
and the electron occupancy f of the BI2 as a

function of Ec-EF. The activation energy is
determined from the slope of the curve L/g'r-L.s vs

L/T. The electron occupancy f of the EL2 is
calculated from the equation:

L/f = l+exp (EEI2-EF),/kT, (1)

where Egtr2 is the energy of the EL2, EEL2 varies as

a function of temperature2):
Ec-EnL2 = o .759-2.37'E-4'T ev. (2)

The results presented in Fig. I make possible to
evaluate the Fermi level position and the electron
occupancy of the EL2 from the measured activation
energy. The EL2 concentration Nnf.z (= [nf.Z] +

[nr,Z+] ) is reliably obtained from the optical
absorption coefficientfl at 1.1 um for SI-GaAs with
various resistivities fron the equationl):

Nnr,2=d/l1n. r+Tp - (r-f)] , (3)

where frn and 0-p are photoionization cross section of
electron and holes, respectively.

(3) Results
(3-1) Deep PL emission bands and ttre trfioto-quenching
effect

The two deep PL emission bands are observed at
0.80 eV and at 0.55 eV (In some crystals, the 0.55

eV band shifts to 0.58 eV or to 0.G3 
"y13,4). 

The

intensity of the two emission bands and the
resistivity have definite spacial correlation in
each crystal as shown in Fig. 2. Across the vrafer
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F.ig. 1 Calculated values of activation energy
and electron occupancy of Et2.

diameter, the intensities of the 0.d5 eV and 0.g0ev
banrils vary oppositely. Furtherrnore, the int.ensity
of PL emission band shows the strong spacial
correlation with resistivity within the wafer; in
higher resistivity region, the 0.90 eV band is
dominantly observed, while in lower resistivity
region the 0.55 eV band becomes stronger. A similar
tendency $ras also observed along the growth

direction4).
The ELz in SI - GaAs is considered to be

responsible for the compensation mechanism. Since
the Et2 is known to show the persitent photo_
quenching effect by irradiation of 1.06 rrm yAG laser
line5), association of EL2 with the deep pL enission
bands was exanined by studying photoquenching effect
of the pt bandsS). using yAG laser as an excitation
source, the 0.65 eV band was always observed both in
the 0.55 and 0.80 eV dominant crystals. This shows

that the radiative center of the 0.G5 eV band is
also present even in the 0.gO eV dominant crystals,
in which the 0.G5 eV band is not strongly observed
by Kr laser excitation. The 0.65 ev band observed
in the 0.55 and 0.80 eV dominant crystals showed the
definite persitent photoquenching effect; the
intensity of the 0.65 eV band exhibited rapid
decrease in several seconds and the quenched

intensity nas not recovered to the initiar value by
turnning on the yAG laser again after turing off it.

Since the 0.80 eV band was not observed by yAG
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Fig. 2 Typical profiles of resistivity and deep

PL bands intensity across the wafer
diameter.

laser excitation alone, the photoquenching effect of
the 0.80 eV band was examined under Kr laser

excitation with simultaneous irradiation of YAG

Iaser. The result is shown in Fig. 3. Before YAG

laser irradiation, the 0.55 and 0.80 eV band are

observed aL an almost equal intensity. Under YAG

laser irradiation, the PL intensity around 0.55 eV

band decreases and the spectrum turns into that of

the 0.80 eV dominant crystal. This result clearly
shows that the 0.80 eV band does not show

photoquenching effect for I.06 xm YAG laser line.
The 0.65 eV band has been shown to be due to

radiative transition from the neutral ELzo to the

valence bandT). Therefore, the above photo-

quenching study indicates that the origin of the

0.80 ev band is not associated with r'Lzo.

(3-2) Ferni level trnsition of crystals rith
different dminant deep PL band

Temperature-dependent resistivity and HalI
effect measurements were carried out in the

temperture range from 380 to 300 K. Ec-EF and

resistivity are plotted for the crystals used in
this study in rig. 4, where deep PL characteristic
are schernatically distinguished. It is observed

that Ec-Ef gradudlly decreases with decrease in
resistivity in the range of 109,-, 5x107Q .cm, but

below 5x107 .f) .cm an abrupt decrease in Ec-EF is

Ec- Ee.z = O.688eV
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values. ?hough aII the crystals were n-type, the
mobirity was relatively low in the 0.90 ev dominant
crystals possiblly due to mix conduction. The data
shown in Fig. 4 were obtained for wafers from
several ingots. Similar measurernents were also
carried out along the wafer diameter. The profile
of Es-Ep was usually !{-shaped according to that of
resistivity. fn addition, the variation of Ec-Ef
was larger in the 0.65 eV dominant crystals than in
the 0.80 eV dominant crystals.

(3-3) Near infrared absorption study of EL2

The typical results are summarized in Table l.
It is noticed that the observed absorption
coefficients of the 0.80 eV dominant crystals are
smaller than those of the 0.G5 eV dominant crystals.
This is caused by smaller electron occupancy of ELz
in the 0.80 eV dominant crystals. After correction
using equation (3), the EL2 concentration was found
to be ^ 2xl0l6 cm-3 irrespective of the dominant
deep PL emission band. The EL2 concentration
variation across the wafers was always similar to
intensity variation of the 0.65 eV band in both 0.65
and 0.80 eV dominanE crystals.

Table I EL2 concentration determined by near
infrared absorption at I.1.um.

Somple f
(O-cml

AEi
(eV)

Ec- Er
( eV)

t d
(cm-r)

Neu
(cmr)

A Sxlo8 o.80 o.70 o,38 o.80 1.84 x l016

B 2 xlOT o.69 0.65 o.85 1.23 t.79 x to16

c 3xtd o.45 o.4 | r.oo 1.37 t.z8 xtol6

(4) Discussion

9fe have compared the optical and electrical
properties of undoped SI-GaAs to clarify the
compensation mechanism using pt, infrared absorp_
tion, resistivity and IIaII nobility measurements.

It is well known that compensation comes from the
presence of the deep donor EL2 in undoped GaAs.

Though several origins of EL2 have been pro1rcse68-
1Q), arsenic on gallium site As66 may be one of the
most possible origin. If EL2 is associated with
AsGa, EL2 has three kinds of charge states EL2o,
Et2+ and EL2++. Therefore, two kinds of
compensation may be possible; one is the
conpensation between EL2o and ELz+, and the other is
the compensation between EL2+ and EL2++. Elliott et

Fig. 3

Fig. 4 Measured values of
for the crystals
deep pt bands.

E.-EF and resistivity
with different dominant

observed. fhis is explained by the change of the
electron occupancy of EL2, since EL2 level is
located at 0-688 ev below the conduction band at 300
K.

Distinct correlation between dominant deep pL

bands and resistivity is noticed; the 0.g0 eV
dominant crystals exhibit high resistivity and high
value of E"-Eg, while the 0.65 eV dominant crystals
exhibit relatively low resistivity and large
variatien of Ec-Ef, and crystals exhibiting both
deep pL bands at 0.90 and 0.65 eV show medium
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al. recently reported that the comPensation occured

between. EL2 o and EL2 + charge states by comparing

EPR signal intensity and carbon concentrationll) '

If this model is correct, the abrupt decrease in E"-

Ef as shown in fig. 4 is caused by the change from

y]L2 + to Et2 o, not by the change from Et2 ++ to

EL2 +.

In the 0.55 eV dominant crystals, Ec-EF is
relatively low and optical absorption coefficient fr
in the near infrared is large. It is further

observed that the variations of these two parameters

correlate with the 0.55 eV PL intensity along both

the wafer diameter and the growth direction. These

results are consistent wiLh the report that the 0'55

eV band is associated with the electron transition

from the neutral center of ELzo to the valence

bandT):

Et2 0 -+ nr,2+ + hi (0.65 ev). (4)

On the contrary, in the 0.80 ev dorninant crystals,

Ec-Er is high and C is snall. This is explained by

increase (decrease) in the EL2 + ( Et2o)

concentration, since no distinct variation of the

total F,L2 concentration Nelz was observed in

crystals with different dominant deep PL band as

shown in Table l. In addition' the 0.80 eV PL

intensity correlates with resistivity and inversely

correlate with the 0.65 eV PL intensity. This

suggests that if the 0.65 eV band is associated with

EL2 o, the O.80 eV band is possibly related to

r,Lz +, since the concentration of EL2 o decreases

with increase in that of EL2 + as a result oE the

Fermi energY shift.
It is also possible to consider other origins

of the 0.80 eV band. Lagowski et al. rePorted that

during post-growth cooling the following reaction

might occur in GaAs ingot9);

AsngiVca=As6s+Va5.
It is considered that the profiles of the AsGa and

VGa concentrations along the wafer diamet'er exhibit

an inverse relation. eccordingly, the origin of the

0.80 eV band can be considered to be due to V63 or

ies complex. Ilowever, to explain the relation

between EC-EF, and the distribution of the different

deep PL band as shown in Fig. 4t the deep level

associated with v66 or its complex and its relevance

to the Fermi energy must be clarified.

(5) sunnary

We have found that the presence of different
dominant deep eL band at 0.65 eV or at 0.80 eV in
undoped SI-GaAs is relaEed to the Fermi energy below

the conduction band Ec-Ef.. The 0.80 eV dominant

crystals exhibited high value of Ec-Ef, while the

0.55 eV dominant crystals exhibited relatively low

value. The intensity variation of the 0.80 eV band

inversely correlated with that of the 0.55 eV band.

By YAG laser irradiation the quenching effect was

observed in the 0.65 eV band, but not in the 0.80 eV

band. The results indicate that the 0.80 eV band is
not related to EL2 o, and that the possible origin
of the 0.AO ev is the positive ELZ +, or V6u or its
complex.
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