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New structures aiming at controlling ferromagnetic properties of diluted magnetic semiconductors quantum wells are pre-
sented. The carrier density is monitored by applying voltage in p-i-n diode or adjusting a distance between quantum well and
surface. Surface doping was successfully applied to obtain samples with CdMnTe quantum well with up to 9.3% Mn concen-

tration.
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1. Introduction

The ability to control the properties of magnetic materi-
als would be highly desirable from fundamental and
technological viewpoints, particularly in view of recent
developments in magneto-electronics and spintronics.
Diluted magnetic semiconductors (DMS), where ferro-
magnetic interactions are mediated through free carriers,
are particularly attractive since they offer the possibility
of modulation of magnetic properties by modulating the
carrier density. The first demonstration has been per-
formed by Ohno et al. [1] with III-V DMS layers in-
serted in a Schottky diode. They demonstrated that a gate
voltage of +125 V changes the Curie temperature by
about 1 K in a field-effect transistor based on an
(In,Mn)As thin layer. As compared to III-V magnetic
semiconductors, Mn in II-VI semiconductors is
isoelectronic and does not introduce any carriers. Hence,
hole mediated ferromagnetic interactions can be induced
by modulation doping of heterostructures.

2. Quantum wells inserted in p-i-n diodes

We have demonstrated [2,3] electric-field control of ferro-
magnetism in a CdygsMngsTe quantum well (QW). Our
previous expertise in p-type [4] and n-type [5] modulation
doping of tellurides makes it possible to successfully
achieve the MBE growth of the semiconductor structure
used in Ref. 2 and shown in Fig. 1(a). It consists of a
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Cd ¢5Zn( Mg »7Te p-i-n diode grown on a Cd, ggZn 1, Te
substrate. The back barrier doped with aluminium (n-type)
resided 320 nm away from the QW. A single, 10-nm thick,
CdMnTe QW was introduced in the intrinsic layer 10 nm
away from the p type (doped with nitrogen) contact layer.
Without any applied voltage, a nominal hole concentration
of 2x10M ¢cm2 was present in the QW.

As shown in Fig. 1(b), recent improvement in the con-
tact process allows us to obtain clear diode I-V characteris-
tics and to reproducibly modify the carrier concentration in
the well by applying a reverse bias.

The onset of ferromagnetism and the carrier concentra-
tion were determined optically: the experimental evidence
for the presence or absence of a ferromagnetic transition
was given by the spontaneous splitting, below a character-
istic critical temperature T, of the photoluminescence (PL)
line corresponding to the energy gap in the QW region. At
the same time, a critical divergence of the field induced
splitting at T—T.+ was observed. The value of the
Moss-Burstein shift between the PL and photolumines-
cence excitation (PLE) was used to determine the hole den-
sity. The strong decrease in the Moss-Burstein shift, ob-
served for a reverse bias, demonstrates the influence of the
applied voltage on the hole concentration. Applying a re-
verse bias of —=0.7 V led to a decrease in the hole concentra-
tion to zero in the QW. Figure 1(c) presents PL spectra col-
lected for the p-i-n structure shown in Fig. 1(a) in the ab-
sence of an external magnetic field at various temperatures.
Without applied voltage, the phase transition occurs below
approximately 3 K in this sample. In contrast, at a reverse
bias of —1 V no signature of ferromagnetism is observed in
the PL spectra down to 1.5 K.
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Fig. 1. Sketch of the p-i-n diode (a) and its I/V characteristics (b). Photoluminescence spectra of a Cd( gsMng o4 Te QW introduced in a
CdZnMgTe diode measured at various temperatures (c): without bias (a) with a —1 V bias (b).

3. Doping from surface states

In the structure studied in Ref. 2 and shown in Fig. 1, N
and Al were used for p and n type doping respectively. Ni-
trogen doped CdTe/CdZnMgTe heterostructures show a gi-
ant interdiffusion when the growth temperature is above
240°C [4]. Consequently, the structures were grown at low
temperature so that the crystallographic quality is not fully
optimised. We present here the observation of high carrier
densities and carrier-induced ferromagnetism in CdMnTe
QWs incorporated close to the surface in nominally
undoped samples. The 10-nm thick CdMnTe QW was em-
bedded in Cd ¢5Zn( osMg 7 Te barriers. The sample struc-
ture is given in Fig. 2(a). Figure 2(b) gives an example of
PL and PLE spectra for a sample containing 1.3% of Mn.
The large Moss-Burstein (MB) shift indicates a large den-
sity of carriers in the QW. As shown in Fig. 2(c), for a QW
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with a Mn content of about 1%, varying the distance of the
QW from the surface allows us to change the hole density
(more than 2x10!! cm=2 for a QW located 25 nm below the
surface). As shown in Fig. 2(c) a drop of the carrier density
is observed on the samples with a very thin cap layer (be-
low 20 nm).

For a cap layer of 25 nm and 4% of Mn in the QW,
a ferromagnetic phase transition, with a critical tempera-
ture T, of about 2.5 K, is deduced from the observation
of the zero field splitting of the PL line when decreasing
the temperature [Fig. 3(a)]. The experimental value of T.
can be obtained by tracing the position of the lower PL
line as a function of temperature. As it can be seen in
Fig. 3(b), the measured critical temperature (corre-
sponding to the distinct knee) is very close to those
measured on a nitrogen-doped sample with the same Mn
content.
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Fig. 2. Sample structure (a). PL and PLE spectra showing the Moss-Burstein shift (arrows) for a sample with a Cdg g9Mng ;Te QW (b).
Hole density in 100 A wide Cdg goMn( 5; Te QWs as a function of the cap layer thickness (c). The dashed line is the density expected from
surface acceptor states at energy AE = 90 meV from the QW state.
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Fig. 3. Photoluminescence spectra at various temperatures of a CdMnTe QW embedded in CdZnMgTe barriers and located 25 nm

away from the surface (a). Thermal dependence of the energy of the low-energy line (b). Surface doped sample (e) and nitrogen
doped sample (A).
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Fig. 4. XPS spectra of Te 3d core levels obtained for a
Cdg ¢5Zn( 0sMgp 27Te (001) surface after 13 hours of oxidation.

The presence of a hole gas in the QW demonstrates the
existence of surface states electrically active as acceptors,
which we tentatively attribute to the formation of a surface
oxide layer during exposure of the sample to the air. Indeed
a negligible concentration of carriers was observed when
we protected the sample from oxidation by depositing an
amorphous Te layer. Similar observations have been made
in different contexts. Yang et al. [6] using surface photo-
voltage spectroscopy observed an acceptor surface state on
CdZnTe layers, attributed to the presence of TeO,. In the
same way, Wasik et al. [7] evidenced free electron trapping
by surface defects in CdTe/CdMgTe heterostructures with
QW lying close to the surface.

In order to get more information on the surface oxida-
tion mechanisms as well as to control the oxidation of the
surface (and consequently the hole density in the CdMnTe
QW), we performed a detailed surface study of the oxida-
tion kinetics of Cd ¢5Zng osMgg»7Te (001) by X-ray photo-
electron spectroscopy (XPS).
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Figure 4 presents the XPS spectrum of the 3d;, and
3ds), core levels of Te after oxidation for 13 hours at
room temperature and oxygen pressure of 1 bar. The sec-
ond lines, at higher binding energy which appears during
oxidation correspond to the formation of TeO, [8].

Figure 5 presents the time evolution of the ratio of the
TeO, line with respect to the total intensity (i.e., lines
corresponding to CdZnMgTe and TeO,). A ratio of about
0.25, obtained after 4 hours of oxygen exposure, allows
us to estimate the formation of about 1 ML of oxide, as-
suming a photoelectron escape depth of 1.2 nm for the Te
3d core level [9]. Thus, the formation of a Te oxide is
demonstrated but the oxidation of the surface is rather
slow.

The evidence of Cd oxide formation is rather difficult
due to the low difference in energy between the 3d lines
corresponding to Cd-Te and Cd-O. However, as it can be
seen in Fig. 5, after 10 hours of oxidation a broadening of
the Cd 3ds, line occurs suggesting the presence of oxy-
gen atoms bound to Cd ones [10].

Optical measurements have been performed on two
samples exposed for respectively 4 hours and 90 hours to
oxygen pressure and capped with a Pt layer. For the first
sample no presence of carriers has been detected in the
Cdy9sMng g4 Te QW indicating that the presence of a
monolayer of TeO, on the surface is not a sufficient condi-
tion. In contrast, a hole density of 1x10!'' cm2 is obtained
for the second sample, which exhibits the ferromagnetic
transition.

Figure 6 shows an atomic force microscopy (AFM) im-
age of the surface of a CdMnTe/CdZnMgTe sample ex-
posed to air. It is worth noting the presence of islands on
the surface (5—10 nm height).

Hence it appears that the oxidation mechanism of the
surface is rather complex and the identification of the
chemical nature of the acceptor surface states not straight-
forward. Anyway these preliminary results open the way to
a control of the carrier density in the QWs by the control of
the oxidation of the surface.
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Fig. 5. Intensity of Te 3d peak corresponding to tellurium oxide relative to the total intensity of the Te peaks, as a function of oxidation time
(a) and evolution of the FWHM of the 3ds;, Cd peak as a function of oxidation time (b).
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Fig. 6. AFM image (0.5x0.5 pm) of the Cd ¢5Zn ogMgg »7Te surface after oxidation in air.

Doping with the surface states allows us to use higher
growth temperatures (280°C instead of 220°C) and, conse-
quently, make it possible to grow sample with a higher Mn
content. Figure 7 illustrates the thermal dependence of the
low energy peak position for three samples, doped by sur-
face states, with different concentration of Mn in the QW.
Remarkably a transition temperature of 5.5 K is measured
for the sample with 9.3% Mn.
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Fig. 7. Thermal dependence of low energy peak position for three

samples with different Mn content. The knees indicate the

transition temperature. Dashed lines present fits to the
susceptibility measurements.

4. Conclusions

In summary we show that doping (and induced ferromag-
netism) of a CdMnTe QW can be controlled by applying an
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electric-field to a p-i-n diode structure or by approaching
the QW to the external surface. Doping from the surface
states can be as effective as usual modulation doping with
nitrogen. This last new way of doping increases the possi-
bilities of controlling carrier-induced ferromagnetism in
quantum wells. Particularly, eventually, a preliminary
study of the surface has been presented, but the understand-
ing of the mechanism responsible for surface doping need
further experiments.
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