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Radiative recombination of two-dimensional electron gas (2DEG), induced by polarization and
validated by Hall effect measurements, is investigated in ZnMgO/ZnO heterostructures grown by
metal-organic chemical vapor deposition. The Mg composition, the depth profile distribution of Mg,
the residual strain in ZnMgO caplayer, and the thickness of caplayer all significantly influence the
2DEG-related transitions in ZnMgO/ZnO heterostructures. Below or above ZnO donor bound
exciton, three additional broad emissions persisting up to 100 K are assigned to the spatially indirect
transitions from 2DEG electrons to the photoexcited holes towards the ZnO flat-band region or
remaining at the heterointerface. © 2011 American Institute of Physics. [doi:10.1063/1.3662964]

In polar ZnMgO/ZnO heterostructures, polarization en-
gineering will form high-mobility 2DEGs, a topic that has
been attracting much attention recently.' So far, several
reports have shown that 2DEGs can be realized in ZnMgO/
ZnO heterostructures grown by molecular-beam epitaxy
(MBE).! In contrast, it has been much more difficult to
fabricate 2DEGs in ZnMgO/ZnO heterostructures using
metal-organic chemical vapor deposition (MOCVD) which
is compatible with mass production for device applications,
because of degraded material quality and near-thermal-
equilibrium growth conditions.** 2DEGs at the ZnMgO/ZnO
interface have been identified by means of electrical meas-
urements,' > but reports® that focus on the optical properties
of ZnMgO/ZnO do not mention 2DEG-related emissions in
heterostructures. In theory, it is difficult to detect 2DEG-
related emissions, because holes, necessary for radiative
recombination, are pushed into the ZnO flat-band region by
the polar electric field. Optical emission below the exciton
lines in AlGaN/GaN observed in earlier studies is believed to
be the recombination of quasi-two dimensional (quasi-2D)
electrons trapped at the heterointerface and holes towards
GaN flat-band. Its intensity drastically diminishes with
increasing temperature and the activation energy is less than
10meV,’ very low compared with exciton binding energy.

We report here on our recent results using MOCVD
growth of ZnMgO/ZnO heterostructures. Temperature-
dependent Hall effect measurements reveal that 2DEG has
formed in these ZnMgO/ZnO heterostructures. Furthermore,
2DEG-related optical transitions in low-temperature photolu-
minescence spectra are observed. Photoluminescence in
ZnMgO/ZnO heterostrustures is strongly influenced by the
Mg composition, the distribution profile, and the thickness of
the ZnMgO caplayer.

Zn,_ Mg,0/ZnO heterostructures were grown on sap-
phire (0001) substrates using metal-organic chemical vapor
deposition. First, a high-quality ZnO template was grown in
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a MOCVD system (Aixtron) in a close-coupled showerhead
(CCS) configuration. We note that the deposited ZnO layer
exhibits an excellent crystal quality and layer-by-layer sur-
face morphology.

Four samples with different Zn, ,Mg,O layers, marked
as A, B, C, and D, were grown on the above ZnO templates.
For samples A and B, undoped Zn,_,Mg,O layers with
thickness of 20nm and 60 nm were grown at 920 °C in the
same reactor by using dimethylzinc (DMZn) and bis-
methlycyclopentadienyl magnesium (MeCp,Mg) as Zn and
Mg sources, respectively. For samples C and D, however, the
undoped Zn; _,Mg,O layer, 170 nm thick, were grown using
DEZn and MeCp,Mg in another MOCVD reactor, which is
operated at a low temperature of 500°C. Mg compositions
determined from the reflection spectra are 0.20, 0.20, 0.28,
and 0.33 for samples A, B, C, and D, respectively.

Temperature-dependent Hall effect measurements in the
Van der Pauw configuration, using indium (In) as contact elec-
trodes, were performed to examine the electric properties of
these samples. Temperature-dependent photoluminescence
(PL) spectra were recorded in the temperature range 10-300K,
excited by a He-Cd laser (4 = 325nm) with a spectrum resolu-
tion of 0.2 nm. Secondary-ion mass spectrometry (SIMS) was
performed to investigate the diffusion of aluminum (Al) from
sapphire (Al,O3) into ZnO template as well as Mg depth pro-
file in the ZnMgO layer.

The temperature-dependent mobility and carrier concentra-
tion for ZnO template and Zny gMg,,0/ZnO with 20 nm (sam-
ple A) or 60nm (sample B) caplayer are shown in Figs. 1(a)
and 1(b), respectively. In Fig. 1(a), the mobility of ZnO tem-
plate is about 10 cm2/V s at 10K, whereas the mobilities of the
ZnMgO/ZnO sample with 20-nm-thick and 60-nm-thick
caplayers reach the value of 1879 cm?/Vs and 1516 cm?/Vs,
respectively. The obvious increase of the mobility from ZnO
template to ZnMgO/ZnO indicates the 2DEG forming at the
interface of the heterostructures. The dramatically increased
mobility with decreasing temperature is also significant
evidence of a 2DEG.” As Fig. 1(b) shows, the carrier

© 2011 American Institute of Physics
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FIG. 1. Temperature-dependent (a) mobility and (b) carrier concentration of
ZnO template, samples A and B.

concentration in the ZnO template initially decreases with
decreasing temperature, but at temperatures below 100K, it
increases with a further decrease in temperature. Prior work'
suggests that this feature can be explained by a degenerate layer
at the ZnO/sapphire interface that makes an important contribu-
tion to the carrier concentration,® especially at low tempera-
tures, where donors in the bulk freeze out. Because Al in
sapphire substrate diffused into the ZnO buffer at high growth
temperature and acted as a shallow donor in ZnO,” we suggest
that this parallel conductive layer has caused the measured car-
rier concentration of A and B to change with temperature.

In order to obtain more information of polar ZnMgO/
ZnO heterostructures, low-temperature PL (at 10K) was
employed to investigate their optical properties. As shown in
Fig. 2, it is interesting to note that the near-band-edge emis-
sion shifts to lower energy when the thickness of caplayer
increases. For the ZnO template, strong DX emission can be
clearly observed at 3.368 eV, together with its phonon repli-
cas. For sample A, however, besides a weak DX emission, a
broad shoulder can be observed at 3.344eV. For sample B,
the intensity of this broad shoulder exceeding DX emission
becomes the dominating emission. These phenomena can be
well explained by the penetration depth of the excitation
laser’s light in the samples. In ZnO, the penetration depth of
our 325nm laser is about 61 nm (absorption coefficient
1.6 x 10°cm™"),'® which implies that the absorption volume
of the excitation laser is located near the sample’s surface.
For ZnO template, strong peak indicated as D°X is from the
surface of ZnO template absolutely. For sample A with
20nm ZnMgO caplayer, the laser penetrates through the top
20nm ZnMgO caplayer, ZnO triangle quantum well (several
nm), and into ZnO template. Hence, the broad emission in its
PL spectrum includes information of all these layers. And
for sample B, however, the laser can hardly penetrate to ZnO
template due to the thick ZnMgO caplayer. Its PL emission
should come from ZnMgO caplayer (60 nm) and ZnO trian-
gle quantum well but with little contribution from ZnO tem-
plate. In Fig. 2 from bottom to top, with the thickness of the
ZnMgO caplayer increasing, the emission at 3.344eV
increases obviously which indicates that this emission must
have certain relationship with ZnMgO or 2DEG at triangle
quantum well. Due to its energy position below DX line of
Zn0, it is more likely to be assigned as 2DEG-related recom-
bination. Moreover, polarization induced field may lead high
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FIG. 2. Low-temperature photoluminescence spectra of ZnO template, sam-
ples A and B with different ZnMgO thicknesses. Left inset: SIMS of Mg
composition changing with the thickness in B sample. Right inset: Arrhenius
plot of the integrated intensity of 2DEG emissions with the temperature
according to the equation I(T) =1(0)/(1 + Z; Ajexp(—E;/kgT)).

dissociation of the DX right beneath the interface while the
2DEG-related emission may become remarkable due to its
high stability under the field. SIMS result of sample B in the
left inset of Fig. 2 shows Mg composition gradually increas-
ing toward the surface called the composition pulling effect
during the alloy growth by MOCVD. It indicates that 2DEG
in ZnMgO/ZnO heterostucture is a quasi-2D distribution
instead of 2D in an ideal abrupt junction.

The right inset of Fig. 2 shows the Arrhenius plots of inte-
grated intensity versus temperature to obtain more information
of the 2DEG-related emission. For ZnO template, the activa-
tion energy of DX is 15.5meV related to the delocalization
of the bound exciton of ZnO. The activation energy of 2DEG-
related emission calculated from the temperature-dependent
PL of A and B is 8.6 and 8.8 meV, respectively. The activa-
tion energy as small as exciton’s affirms our supposition of
2DEG-related emission.® Thus, the 2DEG-related emission is
a sort of excitonic recombination between electrons located in
the triangular potential well and free holes towards ZnO flat
valence band region. Similar results have been reported in
AlGaN/GaN samples.” Therefore, the forming process of the
2DEG-related emission can be summarized as the photoex-
cited excitons, excited by the laser, evolve into quasi-2D exci-
tons and subsequently recombine as 2DEG-hole (2DEGh)
emission peaks. However, there is no obvious ZnMgO-related
emission showed up in PL spectra of ZnMgO/ZnO hetero-
structures. It might be on account of the thin barrier layers
with the less effective confinement of carriers.

Thicker barrier ZnMgO layers (170 nm) with higher Mg
composition x =0.28 (sample C) and 0.33 (sample D) have
then been employed to investigate the emission behaviors of
the heterostructures, which were grown at a low temperature
to achieve relatively abrupt interface. The laser penetration
depths in the ZnMgO alloys are estimated to be about
200nm for sample C and 370nm for D."" The penetration
depths are both larger than the ZnMgO caplayer; therefore,
the surface region of ZnO template can be excited by laser
and a sharp emission assigned as D’X of ZnO is observed
obviously in each spectrum in Fig. 3. The small emission at
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FIG. 3. Low-temperature photoluminescence spectra of ZnO template, sam-
ples C and D with different Mg compositions. Inset: Arrhenius plot of the
integrated intensity of 2DEGhy emissions with the temperature according to
the equation I(T) =1(0)/(1 + Z; Ajexp(—Ei/kgT)).

3.344eV similar to that observed in samples A and B is
assigned as 2DEGh. The energy position of 2DEGh changes
less while D°X peak shifts to lower energy position with
measuring temperature increased. As a result, a gradual
decrease of the energy separation of 2DEGh and DX emis-
sions from 24.4 to 21.8 meV is clearly observed when tem-
perature increases from 10 to 60K, owing to the stronger
screening effect of electrons in a triangular potential well at
the heterointerface with increasing temperature.'”

Different from PL spectra of A and B, samples C and D
show broad emissions at the higher energy position of DX in
Fig. 3. For sample C, the broad emission includes two emis-
sions with different activation energies. The higher energy
emission with the activation energy of 31.6meV might be
assigned as the recombination of the 2DEG with the photo-
excited holes remaining in the ZnMgO side near the heteroin-
terface (see Fig. 4(b)). For sample D, this emission is not
observed due to too high Mg composition in the ZnMgO
alloy, where its bandgap energy beyond the laser photons
energy and holes cannot be photo-excited. The lower energy
emissions, with small activation energies of 8.0 meV for sam-
ple C and 12.3meV for sample D obtained from the inset of
Fig. 3, can be assigned to the emissions from 2DEG electrons
to holes localized in the heterointerface (2DEGhyy).

Generally, the polarization electric field to form the
2DEG was determined by both spontaneous and piezoelec-
tric polarization effect in the ZnMgO/ZnO heterostructure.
According to the previous parameters,'> we can figure out
PSP(ZnMgO) — PSP(ZHO) =—-0.066x=—-0.018 C/mz, much
smaller than Ppgzameo0) = 0.095 C/m? using x = 0.28. There-
fore, piezoelectric polarization plays a major role in the
polarization effect.

To further illustrate the origin of 2DEG emissions of
ZnMgO/ZnO heterostructures, the mechanism of 2DEG-
related recombination is summarized in the schematic band
diagram as shown in Fig. 4. For fully strained ZnMgO/ZnO
heterostructure such as samples A and B whose critical
thicknesses are both 72nm (Ref. 14) larger than their real
thickness 60 nm, as shown in Fig. 4(a), high piezoelectric

Appl. Phys. Lett. 99, 211906 (2011)

(b)

FIG. 4. Schematic band diagram illustration of the ZnMgO/ZnO heterostruc-
tures with (a) a narrow 2DEG heterostructure and (b) a wide 2DEG hetero-
structure. 2DEGh;. and 2DEGhy; are the recombinations from the confined
2DEG to free holes towards flat-band of ZnO and interface, respectively.

field may lead a large band bending and form a deep and nar-
row electron well, with electrons towards the triangular well
and holes towards the ZnO flat band region. For partly
strained ZnMgO/ZnO heterostructure, such as samples C and
D whose critical thicknesses are 48 nm and 39 nm (Ref. 14)
smaller than their real thickness (170 nm), low residual strain
and small piezoelectric field lead a small band bending and
form a shallow and wide electron well resulting in a much
smaller Hall mobility (~100 cm?/Vs) of sample D at 10K
(not shown). In the case, a few holes could stay at the hetero-
interface to recombine with 2DEGs.

In conclusion, we have investigated the radiative recom-
binations of 2DEGs formed in ZnMgO/ZnO heterostructures
grown by MOCVD. Below or above ZnO donor bound exci-
ton, three additional broad emissions are observed and
assigned to the spatially indirect transitions from 2DEG elec-
trons to the photoexcited holes towards the ZnO flat-band
region or remaining at the heterointerface.
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