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The interfaces in InP=In0:53Ga0:47As superlattices modulation doped with Si were investigated
using magneto-transport, capacitance-voltage, and high resolution X-ray di�raction measurements.
Results indicate that a thick interfacial layer is formed when InP is grown on top of InxGa1�xAs,
and that Si atoms that fall in the interfacial layer have a high probability of not forming a shallow
donor center. Using a simple theoretical model the width of the interfacial layer which was estimated
to be 7� 1 monolayers.

I Introduction

The ability to produce abrupt interfaces between
epitaxial layers is important in manufacturing mod-
ern optoeletronic devices, because graded interfaces can
disrupt the optical spectra [1] and reduce carrier mo-
bility [2], hindering device applications [3]. For this
reason, many e�orts have been spent to attain abrupt
interfaces in heterostructures.

To improve interfaces, a commonly used proce-
dure consists in an interruption of the growth pro-
cess between the growth of two di�erent layers [4]-[10].
For InP/In0:53Ga0:47As systems grown by metalorganic
vapour phase epitaxy, during growth interruption the
growth chamber is kept under a 
ow of the group V
element (P, As) of the layer to be grown subsequently.
For interruption times of �1s, the interface between
In0:53Ga0:47As grown on InP (the so-called upper in-
terface) is abrupt [5, 6]. However, an adequate pro-
cedure to obtain an abrupt interface for InP grown
on In0:53Ga0:47As (the so-called lower interface) has
not been reported yet. The lower interface is always
graded, and contains an interfacial layer of chemical
composition InAsxP1�x. The interfacial layer occupies
the space which in an ideal structure would be occu-
pied by pure InP and the thickness and the chemical
composition of the interfacial layer are very sensitive to
the growth conditions [5]-[10]. To establish the ideal
growth conditions, reliable experimental procedures to
characterize the interfaces are needed. However, this is
a diÆcult task, due to the limitations inherent to the
techniques used traditionally for that purpose, i.e. high

resolution X-ray di�raction (HRXRD) and SIMS [7].
From HRXRD measurements on short period superlat-
tices, when the X-ray spectra show few satellite peaks,
the thickness and the strain of the interfacial layer can-
not be established independently, only the product of
these quantities can be determined [8]. SIMS measure-
ments are limited in resolution due to crater curvature
and the knock-on e�ect [11], and cannot be used to
deduce the thickness of an individual layer with an ac-
curacy greater than �15�A[10].

In this work we present a study of the interfaces in
InP=In0:53Ga0:47As superlattices using a combination
of HRXRD, capacitance-voltage (C-V) and magneto-
transport measurements. The analysis of the entirety
of the results obtained allows us to estimate the thick-
ness of the interfacial layer at the lower interface to
be 6-8 monolayers (ML) (1 monolayer � 3 �A) in our
samples.

II Experimental procedure

InP=In0:53Ga0:47As superlattices modulation doped
with Si in the middle of InP barriers were grown by
low pressure metalorganic vapor phase epitaxy (LP-
MOVPE). Growth was interrupted at the interfaces for
1 s, during this time interval the growth chamber was
kept under the 
ow of group V element of the layer to be
deposited subsequently, in accordance to the prescrip-
tion which yielded the best interfaces reported so far.
The growth procedures of the samples are described in
details in Ref. [12]. All the samples had the same thick-
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ness of the In0:53Ga0:47As layers (50�A), but di�ered in
the thickness of the InP layers and in the doping level.
Further details on the experimental techniques used can
be found in Ref. [13].

III Results and discussion

In order to determine the characteristic width of the
layers doped with Si in our samples, the C-V spectrum
of the control sample 311 was measured, which consists
of a thick InP layer containing a single crystalline plane
doped with Si (delta-doped layer). The C-V spectrum
was reproduced theoretically following the prescription
described in Ref. [14]. Fig. (1) shows the experimental
and theoretical C-V spectra, which determine that the
Si atoms are distributed in a layer whose characteristic
width is w = 18 �A (6 ML). The non-zero thickness of
the Si layer is a consequence of impurity segregation
during the growth process, whereas di�usion is negligi-
ble [15]. The thickness w=6 ML shows that in our sam-
ples Si segregation is much less e�ective than found by
Skuras et al [15] in samples grown by MBE, whereby
the characteristic width of the doped layer was found
to be 45 ML.

Figure 1. C-V spectrum of sample 311. The squares are the
experimental data and the solid line is the theoretical curve.

The superlattice period of the samples was obtained
from their HRXRD spectra; the thickness of the InP
layers was obtained by subtracting the nominal thick-
ness of the In0:53Ga0:47As from the superlattice period.
The density of free carriers was deduced from a two
carrier �t to the magnetoresistance data. Table 1 sum-
marizes the results. The value of Nd given in Table 1
corresponds to the nominal value of the areal density of
active Si atoms in each InP barrier, which was derived
from the Shubnikov-de Haas spectra of delta-doped lay-
ers grown under the same conditions. Table 1 shows
that the density of free carriers decreases with the thick-
ness of the InP layers. For narrow barriers, the proba-
bility that a given Si atom falls into an interfacial layer
is greater than for thicker ones. Thus the observed de-
crease in the density of free carriers correlates with the

number of Si atoms that are located in the interfacial
layers. This suggests that the Si atoms at the interfaces
are not electrically active. The possibility thatthese Si
atoms form shallow complexes is also excluded, given
that the measured density of free carriers does not dis-
play activated behavior in the 2-300 K temperature
range. A possible explanation is that some of the Si
atoms located within the interfacial layers form nega-
tively charged DX� centers [16, 17]. The disorder and
mechanical strain, which are present at the interfaces
[9] favor the formation of DX centers[17].

Table I. Sample parameters obtained from Shubnikov-

de Haas spectra. ns is the sheet carrier den-

sity and Nd is the nominal doping density.
Sample InP layer ns Nd ns=Nd

width (�A) (1012cm�2) (1012cm�2)

311 - 3.95 3.95 1:000� 0:006
327 48.5 4.205 5.34 0:79� 0:06
326 47.5 3.242 3.95 0:82� 0:06
331 40.7 3.389 5.34 0:63� 0:05
332 38.2 2.593 3.95 0:66� 0:05
333 28.9 1.611 3.95 0:41� 0:04
334 28.1 1.815 5.34 0:34� 0:04
336 20 1.106 3.95 0:28� 0:04
335 17.8 1.668 5.34 0:31� 0:04

Figure 2. A Si planar doped InP=In0:53Ga0:47As superlat-

tice with an interface layer of InAsxP1�x (with width h),

between InP grown on In0:53Ga0:47As.

To model theoretically the reduction of free carriers
when the thickness of InP barriers decreases, we will
assume that the upper interface is ideal, whereas the
lower one is graded, with an interfacial layer of thick-
ness h. The Si atoms are supposed to be distributed
statistically along the growth axis in accordance with
a Gaussian of full width of half maximum equal to the
characteristic width of the doping layer, i.e. w = 6 ML.
Due to the segregation e�ect, the center of the Gaus-
sian is allowed to be displaced from the center of the InP
barriers, by the segregation length, ". Fig. (2) shows
schematically the epitaxial layers, the interfacial layer
and the statistical distribution of Si atoms. We assume
that a given Si atom has a probability p of forming a
charged DX� center [11], when it falls within the in-
terfacial layer, thus binding two electrons. In this case
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the amount of free carriers, as a function of the barrier
width, LB , is given by:
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where Nd is the areal density of Si atoms introduced
into each of the InP barriers, �(x) = 1 if x > 0; and
�(x) = 0 if x < 0, and erf(x) is the error function:
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Fig. (3) shows the experimental data and the best
theoretical �t using Eq. (1), whereby the �tting param-
eters are h, p, and ". For the dotted curve, segregation
was not allowed for and " was �xed at zero; this pro-
duces a lower bound estimate of the thickness of the
interfacial layer, which is found to be h =6 ML, for
p = 0:51. For the continuous curve, " was free to ad-
just itself, resulting in " =1 ML, an interfacial layer of
7�1 ML, and p = 0:48�0:05. The small value of " ob-
tained is supportive of our earlier conclusion that the
segregation e�ect is practically absent in the samples
used in this work.

Figure 3. Experimental data and model curves given by
Equation 1, with " = 0 (doted curve) and " = 1 ML (solid
curve).

Using the analysis of HRXRD measurements, Jiang
et. al. [9] estimated that for a In0:53Ga0:47As/ InP
(112�A/36�A) superlattice, the lower interface layer is of
InAs0:28P0:72 composition, with a thickness of 12 ML.
The sample studied was grown under very similar con-
ditions to the ones used by us. Jiang [9] suggested that
the thickness of the interfacial layer increases with the
amount of residual As in the growth chamber. The
amount of As in the growth chamber increases with the
thickness of the In0:53Ga0:47As layer just grown. From
the data reported by Jiang and co-workers [9], it can
be deduced that the width of the interfacial layer is of

the order of 5.3 ML for every 50 �A of In0:53Ga0:47As.
This result is quite similar to the one obtained by us
for our samples, all of which had the same thickness of
50�A in the In0:53Ga0:47As layers, and whose interfacial
layer we estimated to be of thickness 7 ML.

Further support to the conclusion that our samples
contain a thick lower interface can be seen in Fig. (4),
which depicts a typical HRXRD spectrum for our sam-
ples. The HRXRD spectrum exhibits satellite peaks of
order +2, +3, and +4 much less intense than the peaks
of order -2, -3, and -4, respectively, which is aditional
evidence of the presence of an interfacial layer [9].

IV Conclusions

It was found that the density of free carriers in
modulation-doped InP/In0:53Ga0:47As superlattices de-
creases very rapidly when the width of the InP layers
in the structure decreases. The reduction in the free
carrier density correlates with the number of doping
atoms which fall in the interfacial layer formed when
InP is grown on top of InxGa1�xAs. Using the trans-
port data and assuming the spatial distribution of the
Si atoms to be as deduced from C-V measurements,
the thickness of the interfacial layer was estimated. A
simple theoretical model was developed, in which it is
assumed that the doping atoms can be inactive when
they are located within an interfacial layer. Using this
model the width of the interfacial layer was estimated
to be �7 ML. To determine the exact fate of the Si
atoms that fall in the interfacial layer further investi-
gations are required. The model also indicates that the
segregation length of Si is very small (�1 ML) in our
samples.

Figure 4. X-ray spectrum of sample 326.

Acknowledgments

We thank Prof. M. J. Caldas for useful discussions on the

DX centers. This work was supported by CAPES, FAPESP

and CNPq (Brazilian agencies).



L.K. Hanamoto et al. 337

References

[1] K. Maolong, S. Helmy, A. C. Bryce, J. H. Marsh, J.
Davidson, P. Dawson, J. Appl. Phys. 84, 2855 (1998).

[2] T. Ando, A. B. Fowler, F. Stern, Rev. Mod. Phys. 54,
502 (1982).

[3] S. D. Gunapala and S. D. Bandara in Quantum well
infrared photodetector focal plane arrays, Intersubband
Transition in Quantum Wells: Physics and Device Ap-
plications, Semiconductors and Semimetals, vol 62, Aca-
demic Press (2000).

[4] B. Lakshmi, B. J. Robinson, D. T. Cassidy, D. A.
Thompson, J. Appl. Phys. 81, 3616 (1997);
K. Radhakrishnan, T. H. K. Patrick, P. H. Zhang, H.
Q. Zheng, S. F. Yoon, A. Raman, Microelectronic Engi-
neering 51-52, 433 (2000);
M. Tabuchi, R. Takahashi, M. Araki, K. Hirayama, N.
Futakuchi, Y. Shimogaki, Y. Nakano, Y. Takeda, Appl.
Surf. Sci. 159-160, 250 (2000).

[5] W. Seifert, D. Hessman, X. Liu, L. Samuelson, J. Appl.
Phys. 75, 1501 (1993).

[6] J. Geurts, J. Finders, J. Woitok, D. Gnoth, A. Kohl, K.
Heime, J. Crystal Growth 145, 813 (1994).

[7] A. P. Roth, P. Lev�esque, R. W. G. Syme, D. J. Lock-
wood, G. C. Aers, T. S. Rao, C. Lacelle, J. Appl. Phys.
80, 4033 (1996).

[8] T. Marschner, J. Br�ubach, C. A. Verschuren, M. R. Leys,
J. H. Wolter, J. Appl. Phys 83, 3630 (1998).

[9] X. S. Jiang, A. R. Clawson, P. K. L. Yu, J. Crystal
Growth 124, 547 (1992).

[10] A. R. Clawson, T. T. Vu, S. A. Pappert, C. M. Hanson,
J. Crystal Growth 124, 536 (1992).

[11] E. F. Schubert, Delta Doping of Semiconductors, Cam-
bridge University Press (1996).

[12] A. B. Henriques, L. K. Hanamoto, R. F. Oliveira, P. L.
Souza, L. C. D. Gon�calves, B. Yavich, Physica B 273-

274, 835 (1999).

[13] A. B. Henriques, L. K. Hanamoto, P. L. Souza, B.
Yavich, Phys. Rev. B 61, 13369 (2000).

[14] B. Yavich, P. L. Souza, M. Pamplona-Pires, A. B. Hen-
riques, L. C. D. Gon�calves, Semicond. Sci. Technol. 12,
481 (1997).

[15] E. Skuras, A. R. Long, B. V�ogele, M. C. Holland, C. R.
Stanley, E. A. Johnson, M. Van der Burgt, H. Yaguchi,
J. Singleton, Phys. Rev. B 59, 10712 (1999).

[16] D. J. Chadi, K. J. Chang, Phys. Rev. Lett. 61, 873
(1988).

[17] J. A. Wolk, W. Walukievicz, M. L. W. Thewalt, E. E.
Haller, Phys. Rev. Lett. 68, 3619 (1992).


