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Direct Measurement of the Binding Energy and Bohr Radius of a Single Hydrogenic Defect
in a Semiconductor Quantum Well
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Low-temperature scanning tunneling spectroscopy under ultrahigh vacuum was used to study donor
point defects located at the epitaxial surface of an Injs3Gag4;As quantum well. The electronic local
density of states was measured with nanoscale resolution in the vicinity of single defects. In this way, both
the binding energy and the Bohr radius of the defects could be determined. The binding energy and the
Bohr radius were found to be functions of the quantum well thickness, in quantitative agreement with

variational calculations of hydrogenic impurity states.
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Doping a semiconductor with foreign atoms called im-
purities allows to precisely tune the concentration of
charge carriers, a principle at the basis of virtually all
electronic and optoelectronic devices [1]. In the simplest
approximation, an impurity inside a semiconductor is de-
scribed as an hydrogen atom [1]. Thus the two essential
properties of an impurity are the binding energy and the
Bohr radius. Up to now, only the binding energy can be
determined experimentally, by techniques such as absorp-
tion, luminescence, and Raman scattering [2]. However, it
is highly desirable to also measure the Bohr radius ap,
which is a key parameter for various phenomena, e.g., an
impurity band is formed if ag = s, where s is the mean
impurity separation [3]; two impurity nuclear spins interact
if ag = d, where d is the distance between impurities [4];
impurities in quantum wells (QWs) are affected by the
confining potential if agz = [, where [ is the QW thickness
[5]. The case of an impurity in a QW has attracted consid-
erable attention [6], since it is a model system for an
hydrogen atom in reduced dimensionality [7].

Here, we use scanning tunneling microscopy and spec-
troscopy (STM, STS) to study point defects behaving like
donor impurities, which are located at the epitaxial surface
of a QW. By measuring with nanoscale resolution the
electronic local density of states (LDOS) in the QW, we
are able to determine both the binding energy and the Bohr
radius of single defects. Moreover, we show that the bind-
ing energy and the Bohr radius depend on the QW thick-
ness, in quantitative agreement with the hydrogenic model.
Note that some aspects of the physics of impurities in
semiconductors have been already investigated by STM
[8], but there has been so far no systematic measurement of
binding energy and Bohr radius allowing a precise com-
parison with the hydrogenic model.

(111)A-oriented, nominally undoped Ing 53Gag 47 As sur-
face QWs were grown by molecular beam epitaxy (MBE).
The sample structure has been described elsewhere [9].
Four different QW thicknesses were investigated in this
work (I = 2, 6, 10, and 14 nm). After the growth, samples
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PACS numbers: 73.20.Hb, 73.21.Fg, 73.61.Ey

were transferred under ultrahigh vacuum (UHV) to a low-
temperature STM chamber and cooled down to 5 K. STM
topographic images were acquired in the constant-current
mode. For STS experiments, a sinusoidal modulation
(Umod = 10 mV peak-to-peak, f,,q = 700 Hz) was added
to the sample voltage U, and the differential conductance
dl/dU was measured through a lock-in amplifier. dI/dU
at U is proportional to the LDOS at the sample surface at
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FIG. 1 (color). (a) 85.3 X 85.3 nm?> STM topography (U =
+1.1V; I =0.1 nA) of the QW surface, for / = 6 nm. Four
point defects are visible (bright spots), and denoted by A, B, C,
and D. (b) Height profiles along the horizontal lines indicated by
arrows in (a), running through the point defects.
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energy +eU (U = 0 corresponds to the Fermi level), if the tion. The dI/dU spectrum at r = 9.7 nm also exhibits a
tip-sample distance is constant. peak below each subband minimum. The height of these
Figure 1(a) shows a STM topography of the QW surface. = peaks increases as r decreases. The peak found below the
The mottled appearance of the image is due to local  nth subband minimum is interpreted as a bound state
fluctuations of the InGaAs alloy composition [10]. Four  splitting off from the nth subband, due to an attractive
point defects are visible, appearing as protrusions for U > potential created by the defect [15]. In other words, the
0, with a corrugation of 0.15(+0.02) nm at U = +1.1 V  defect behaves like a donor impurity. Bound states splitting
as shown in Fig. 1(b) [11]. The density of the defects at the  off from a 2D continuum have been recently observed by
QW surface, which is less than 1.5 X 10! cm™~2, does not STS measurements on metal surface states [16]. In contrast
increase with time. Therefore the defects are not due to  with those works, here it is possible to study the influence
surface contamination by residual gas atoms in the UHV ~ of quantum confinement on the bound states, by simply
environment of the STM chamber, but are rather native  varying .
defects formed during the MBE growth [12]. Furthermore, Note that two features of unknown origin are observed in
as shown below, the defects behave like donor impurities. Fig. 2(b). First, the bound state peaks move to lower U
First-principle calculations suggest that such donor native ~ when r increases. Since this shift has a small amplitude
point defects observed at the Ing s3Gag47As(111)A surface  (about 10 mV between r = 0.9 nm and r = 9.7 nm, which
are Ga (or In) adatoms sitting on top of the surface [13]. is comparable to U,,.q), it will be neglected in the follow-
In the STM topography of Fig. 2(a), a single point defect  ing. At r = 0.9 nm, the bound states are located at U = ¢,
is visible, with no other defects in the vicinity. A dI/dU  &,, and &3. Second, a peak which is not related to a bound
spectrum was acquired on each pixel of a 64 X 64 grid of  state splitting off from a subband is found at U = E,. This
the area of Fig. 2(a), for U ranging from 0 V to +1 V  peak only appears for r <2 nm (i.e., in the immedi-
[conduction band (CB) region]. Figure 2(b) shows the ate vicinity of the defect), while the bound state peaks
dI/dU spectra averaged over rings of thickness 1 nm and  can be observed up to r = 13 nm. For all the defects, F4
of several radii r, centered on the defect. The dI/dU  is 0.5(%0.05) eV above the CB minimum, independently

spectrum at r = 9.7 nm has a steplike voltage dependence, of L.
as expected for a two-dimensional (2D) electronic system Figure 2(c) shows the dI/dU spatial maps at U = g,
[14]. The steps correspond to the subbands formed in the &, and &;. The wave functions of the bound states are not
QW due to quantum confinement along the growth direc-  completely isotropic, but are slightly elongated in one
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FIG. 2 (color). Determination of the Bohr radius of a single point defect at the QW surface, for / = 10 nm. (a) 29.5 X 29.5 nm?
STM topography (U = +1.1 V; I = 0.5 nA). A point defect (bright spot) is visible. A dI/dU spectrum was acquired simultaneously
to the STM topography, on each pixel of a 64 X 64 grid, for U ranging from 0 V to +1 V (CB region). (b) dI/dU spectra averaged
over rings of thickness 1 nm and of several radii r, centered on the defect (for clarity, the spectra are offset by a constant of 0.15 nA/V,
relative to the lowest curve; the ordinate axis for the spectrum at » = 0.9 nm is multiplied by 0.4). Three subbands are observed in the
present case where / = 10 nm, in agreement with the calculations detailed in the text. A peak is found below each subband minimum,
as indicated by vertical lines. For the dI/dU spectrum at » = 0.9 nm, these peaks are found at U = &,, &,, and &5. (c) dI/dU spatial
maps of the same area as in (a), at several values of U indicated in (b). (d) Height of the dI/dU peak attached to the first subband as a
function of distance r from the defect (squares). Also shown is a fit by an exponential decay A exp(—2r/ag,;) (solid line). The fit leads
to the Bohr radius for the first subband, ag; = 6.8(*=1) nm. Note that the ordinate axis has a logarithmic scale.
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particular direction. The exact shape of the wave functions
was found to vary from defect to defect, with no clear
relation to the crystal symmetry. This is consistent with the
fact that a disorder potential has been observed in the QW
[9]. The disorder potential, superimposed on the central
potential of the defect, induces a small distortion of the
wave functions of the bound states.

The spatial extension of the wave functions of the bound
states can be precisely determined by plotting the height of
the corresponding dI/dU peaks as a function of r.
Figure 2(d) shows the case of the bound state attached to
the first subband [17]. The obtained spatial dependence is
well fitted by an exponential decay A exp(—2r/ag;), rep-
resenting the 1 s hydrogenic wave function. The fit leads to
the Bohr radius for the first subband, ag;, = 6.8(=1) nm.
The Bohr radii determined in a similar way for high-order
subbands are ag, = 6.1(*1) nm and ag; = 5.4(=1) nm.

Having shown how to determine the Bohr radius of a
point defect, we now present a method for determining the
binding energy. The binding energy is defined as the dif-
ference between the energy of the bound state and that of
the subband minimum. On one hand, the bound state peaks
appear the most clearly in the dI/dU spectra acquired
close to the defect. Therefore, the bound state energies
¢, were determined from the dI/dU spectrum at the small-
est measured radius, » = 0.9 nm. On the other hand, the
steps associated with the subband minima appear the most
clearly in the dI/dU spectra acquired far from the defect.
From about r = 2ag,, the dI/dU spectra exhibit a clear
steplike voltage dependence, the bound state peaks having
completely vanished. Therefore the subband minima E,
were determined from the dI/dU spectrum at r = 2ag,
(for a precise determination of the energy position of the
steps, the derivative of the dI/dU spectrum at r = 2ag,
was calculated and then fitted by Gaussian functions). The
binding energy for the nth subband is then given by E, —
g,. Figure 3 illustrates this method for three different
values of /.

Figure 4 summarizes the STS data obtained in this work.
The smaller /, the larger E; — &, and the smaller apy, i.e.,
the tighter the electron is bound to the point defect. Thus
we clearly observe the influence of quantum confinement
on the bound states, as expected in the present case ag; = [
[5]. Note that for a given value of /, different defects do not
have exactly the same E| — &; or the same ap;. As men-
tioned above, this can be explained by the presence of a
disorder potential in the QW [9,18].

Let us now compare the STS data with a calculation of
hydrogenic impurity states. The effect of tip-induced band
bending on the bound states was neglected [19]. However,
the CB nonparabolicity was taken into account, since it
plays a significant role in Ing s3Gag 47As [10]. The method
proposed in Ref. [20] was employed. It consists of two
steps. In the first step, the energies E, were determined
with respect to the CB minimum by solving the one-
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FIG. 3 (color). Determination of the binding energy of a single
point defect at the QW surface. An analysis similar to that of
Fig. 2 leads to the Bohr radius for the first subband ap;. The
energy of the bound state attached to the nth subband g, is
determined from the dI/dU spectrum at » = 0.9 nm. The nth
subband minimum E,, is determined from the d*/dU? spectrum
at r = 2ap,. The binding energy for the nth subband is then
given by E, —¢,. (a) [ =10 nm, for a defect with ap =
7.3(x1) nm. (b) I = 6 nm, ag; = 5.15(=1) nm. (¢) / = 2 nm,
ag, = 4.4(=1) nm. Three subbands are observed for [ = 10 nm,
two subbands for / = 6 nm, and one subband for / = 2 nm, in
agreement with the calculations detailed in the text. Note that the
disorder potential in the QW [9] induces a rigid shift of subband
minima when the spatial position changes. Therefore one can
only compare the subband spacings in dI/dU spectra for differ-
ent defects.

dimensional Schrodinger equation in the Ings3Gag47As
QW, with a CB dispersion relation given by a two-band
Kane model including nonparabolicity [21], and an effec-
tive mass at the CB minimum of 0.041m, [22]. This
calculation has been described in detail elsewhere [9].
For a given value of /, the number of subbands found by
solving the Schrodinger equation agrees with the STS data.
In the second step, E; — £; and ap; were determined by
using a variational calculation for an electron bound to a
point charge +e [5]. The point charge was taken to be at
the QW boundary, since the point defects are located at the
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FIG. 4. Binding energy E, — &; and Bohr radius ap, as a
function of QW thickness /: STS data (each circle corresponds
to a single point defect at the Ing 53Gag4;As QW surface), and
hydrogenic model (solid curves).

QW surface. The dielectric constant was that for a point
charge at the interface between Ing 53Gag 47As and vacuum,
given by E"Jr% [23] (€pux = 13.75€, is the dielectric
constant of Ingys3GagssAs [1]). The electron effective

mass was given by the two-band Kane model at the energy
E/ determined in the first step. The calculation agrees well
with the STS data, as shown in Fig. 4. We emphasize that
this calculation has no adjustable parameter. The increase
of E; — g, (or, equivalently, the decrease of ap;) with
decreasing [ is enhanced by the CB nonparabolicity.
From/ = 14 nmto/ = 2 nm, E; — &, increases by factors
2.4 and 3.3 without and with considering the CB non-
parabolicity, respectively.

We point out that the distribution of LDOS along the
growth direction [, (z)|> depends on the subband index n
[in the ideal case of a QW with infinite barrier height,
4, (2)|? o sin*(*7%) where z is the distance from the QW
boundary]. The distance between the QW boundary and
the closest maximum of |¢,(z)|* decreases with increasing
n (in the case of infinite barrier height, this distance is
1/2n). Therefore the binding of the electron to a point
defect located at the QW boundary is expected to become
tighter for larger n. This is what is observed in the STS data
of Figs. 2 and 3. Further experimental work is needed, e.g.,
by studying impurities at different positions along the
growth direction.

In summary, STS was used to study donor point defects
located at the surface of a semiconductor QW. Both the
binding energy and the Bohr radius could be determined,
and were found to depend on the QW thickness, in quanti-
tative agreement with the hydrogenic model.
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