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Abstract—According to the classical theory, multi-quantum
wells (MQWs) have quantum confinement effect on photo-
generated carriers, which limits its application in light-to-electric
devices. However, relevant experiments showed that a large pro-
portion of photo-generated carriers can escape from MQWs sand-
wiched in the p-type layer and n-type layer (PIN structure), but not
in the NIN structure. In order to study this phenomenon carefully,
we applied positive and negative bias to an NIN structure respec-
tively to simulate the PIN structure. By analyzing the photolumines-
cence (PL) spectra, we observed a weak escape behavior of photon-
generated carriers among QWs in NIN structure. The experiment
results indicate that strong electric field could drive carriers to
escape from QWs rather than relaxation and recombination, while
in NIN structure the inhomogeneous distribution of the electric field
intensity reduces the carrier transport efficiency. The further study
will give new ideas to design and produce photoelectric devices.

Index Terms—Escape, multi-quantum wells, NIN structure.

I. INTRODUCTION

MQWs are widely used in various electric-to-light devices,
such as light emitting diodes (LEDs) [1], [2] and lasers

diodes (LDs) [3], [4] due to their quantum confinement ef-
fect. Semiconductor quantum confinement effect usually studies
semiconductor special transport of carriers in MQWs materials.

The longitudinal transport is affected by the quantum confine-
ment effect, which is quite different from that in the horizontal
direction [5]. In the light-to-electric situation, according to clas-
sical theory [5], carriers would relax to the ground state and be
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confined in low dimension materials due to the quantum effect,
which is beneficial to recombination for injection carriers [6],
[7], [8], [9]. So MQWs is hard to be used in light-to-electric
devices due to the low escape rate. But relevant experiments
demonstrated an obvious carriers escape phenomenon in PIN
structure (an intrinsic layer sandwiched in the p-type and n-type
layer) with MQWs [10], [11], [12], [13], [14], [15], where the
carriers break the quantum confinement and the escape propor-
tion can be up to 90 percent, which is too high to be explained by
thermal-electron emission and tunneling theory [5], [19], [20].
These results implies that the MQWs in PIN structure could be
used in light-to-electric devices, such as solar cells [16], [17]
and photodetectors [10], [18].

By applying a voltage across the NIN structure, an approx-
imately uniform electric field can be created in the MQWs.
However, in NIN structure with bias [13], [14], it’s reported
that there is still no phenomenon of carriers escape, which is
consistent with the calculation [21]. The difference between
NIN structure and PIN structure lies in whether the built-in
electric fields of the two structures are evenly distributed. In
this paper, we fabricated an NIN structure (an intrinsic layer
sandwiched in double n-type layers) with two types of QWs to
further investigate this phenomenon. By applying bias in NIN
structure and analyzing the photoluminescence (PL) spectra
we demonstrate how and when the photon-generated carriers
will transfer among the QWs, which helps us to have a better
understanding of carrier transport behavior in solar cells and
photodetectors.

II. EXPERIMENTAL DETAILS

In this work, two different samples were grown by solid
source molecular beam epitaxy (SSMBE, VG V80). The struc-
tures of sample A and sample B can be seen from Fig. 1.
As we can see from Fig. 1(a), sample A is a PIN struc-
ture with two-types QWs grown on n-GaAs (100) substrate
(3e18 cm-3). The intrinsic layer is the MQWs regions, includ-
ing 10-pairs Al0.3Ga0.7As/In0.1Ga0.9As QWs and 10-pairs
Al0.3Ga0.7As/In0.15Ga0.85As QWs. The widths of the barriers
and wells are 20 nm and 5 nm respectively. The intrinsic layer is
sandwiched between a 300 nm n-type Al0.3Ga0.7As layer with a
doping density of 5e17 cm-3 and a 150 nm p-type Al0.3Ga0.7As
layer with a doping density of 5e17 cm-3. And then 150 nm
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Fig. 1. (a) The schematic diagram of the PIN structure; (b) The schematic
diagram of the NIN structure; (c) Schematic of the PL measurement.

Fig. 2. (a) The PL spectra of PIN structure under short circuit and open circuit;
(b) The PL spectra of NIN structure under short circuit and open circuit.

p-type Al0.3Ga0.7As layer with a doping density of 3e18 cm-3
and 10 nm p-type GaAs layer with a doping density of 4e18 cm-3
were deposited. As we can see from Fig. 1(b), sample B has the
similar structure but the p-type layers were replaced by a 150
nm n-type Al0.3Ga0.7As layer with a doping density of 5e17
cm-3 and a 150 nm n-type Al0.3Ga0.7As layer with a doping
density of 3e18 cm-3 and 10 nm n-type GaAs layer with doping
density of 4e18 cm-3.

To investigate the PL characteristics with bias, devices with
top and bottom electrodes were fabricated. Photolithography
and wet etching were used to achieve mesa isolation. Using
electron beam evaporation, 20/100 nm Ti/Au were deposited
in sequence to form p-ohmic contact, and 15/101/26/26/100 nm
Ni/Au/Ge/Ni/Au layers were deposited to form n-ohmic contact.
And Fig. 1(c) shows the schematic of the PL measurement.

III. RESULTS

Fig. 2 shows the PL spectra of PIN structure and NIN structure
under open circuit and short circuit. The wavelength of the
exciting light is 730 nm and it is resonance excitation which
means that photo-generated carriers only generated in quantum
wells. We know that non-radiative recombination mainly comes
from recombination caused by defects and Auger recombina-
tion. Because the incident light power in the test process is small

Fig. 3. (a) The electric field intensity distribution of NIN structure with bias;
(b) The fluorescence spectra of NIN structure with bias. The small peak indicated
by the red circle may be caused by GaAs material; (c) The electric field intensity
distribution of PIN structure.

TABLE I
THE RATIO OF SHORT-WAVE PEAK VALUE TO LONG-WAVE PEAK VALUE

and constant, the number of photo-generated carriers excited by
it is limited, and the non-radiative recombination can be regarded
as a unified background. For the convenience of subsequent
analysis, we chose to ignore its non-radiative recombination.
Therefore, the photogenerated carriers mainly participate in
the radiative recombination, and the fluorescence intensity is
proportional to the photogenerated carriers. As we can see from
Fig. 2(a), there are more than 80% of carriers can escape from
QWs in PIN structure under short circuit (sc), compared with the
integral strength of PL under open circuit (oc), while no carriers
escape from QWs in the NIN structure under short circuit from
Fig. 2(b), which is consistent with the previous experimental
studies. Furthermore, there are two peaks (910 nm and 935 nm)
in the spectra, corresponding to the two types of QWs.

To simulate the situation of PIN structure by NIN structure,
we applied positive bias (from the top surface to the substrate) to
the NIN structure. As we can see from Fig. 3 and Table I, there
is an obvious phenomenon of carrier transport. Fig. 3(a) shows
the variation of electric field strength with applied bias. And
Fig. 3(c) shows the electric field intensity distribution of PIN
structure for comparison. Because the NIN structure is almost
symmetrical, there are two built-in electric fields which points
from the center of the QWs region to both sides. When the bias
is applied, the electric field at one end is enhanced while the
electric field at the other end is weakened. However, the external
field can’t change the directions of the two electric fields inside.
Fig. 3(b) shows the variation of PL spectra with different bias.
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Fig. 4. (a) The electric field intensity distribution of NIN structure with bias;
(b) The fluorescence spectra of NIN structure with bias. There is no small peak
in the red circle.

TABLE II
THE RATIO OF SHORT-WAVE PEAK VALUE TO LONG-WAVE PEAK VALUE

It is found that the long-wave peak shifts to the short-wave
peak position with the increase of bias voltage, showing that
the carriers in the wells corresponding to the long-wave peak
transfer to the wells corresponding to the short-wave peak. It
can be known that the phenomenon of photo-generated carriers
escape gets more obvious with the bias or electric field intensity
increasing. Table I shows the ratio of short-wave peak intensity
to long-wave peak intensity under different bias. And it is can
be seen that the ratio is 0.596 when the bias is zero. The ratio
increases to 0.726 when the bias is 1.5 V. In this part, there
is a hypothesis that the change of external electric field will
not change the recombination efficiency of each QW, so the
fluorescence intensity can still represent the carrier distribution
in the QW [21]. From Fig. 3(b), we can also see that with the
increase of bias voltage, the small peak near 870 nm is gradually
obvious, which is out of our expectation. We assume that the
source of this peak may be due to the precipitation of very little
In component in the bottom QWs because of the long heating
time, which leads to the appearance of GaAs material. Because
the material is at the bottom of the structure, the excited PL peak
intensity is too weak to display at the beginning, and then the
PL intensity becomes stronger due to the carrier injection from
other QWs under the strong electric field, which can reflect the
transport of carriers more clearly.

Furthermore, to explain the phenomenon more clearly, then
we applied negative bias (from the top surface to the substrate) to
the same NIN structure. Fig. 4(a) shows the variation of electric
field strength with applied bias, which is similar with Fig. 3(a).
Fig. 4(b) shows the variation of PL spectra with bias. It shows
that the short-wave peak shifts to the long-wave peak position
with the increase of bias voltage, which indicates that the carriers
escape from the lower wells to the upper wells under bias voltage.
The phenomenon of photo-generated carriers escape gets more
obvious with the increasing electric field intensity. Table II also
can give visualized data by showing the ratio of short-wave peak
value to long-wave peak value. And we can see that the ratio is
0.596 when the bias is zero, which decreases to 0.555 when the

bias is −1.5 V. From Fig. 4(b), with the increase of bias voltage,
there is no small peak near 870 nm, which is different from the
phenomenon in Fig. 3(b). Since the bias applied is opposite,
the photo-generated carriers move in the opposite direction, and
there will be no excess photo-generated carriers injection in the
InGaAs QW at the bottom of the structure, so its PL peak will
not appear.

By applying a bias to the NIN structure to simulate the PIN
structure, it’s observed that the photo-generated carriers can
move from wells to wells but the escape efficiency is very low
compared to PIN structure. There is an intrinsic difference for
the distribution of electric field intensity between a PIN structure
and a NIN structure. The electric field intensity is uniform in PIN
structure so all carriers are affected conformably. On the other
hand, the electric field intensity is not uniform in NIN structure
with bias and there is also the region in which electric field
intensity is zero, consequently only these carriers located in the
strong enough electric field can be affected to participate in drift.
This could be the reason why 80% of photo-generated carriers
can escape from QWs in PIN structure to the external circuit and
the small part photo-generated carriers can escape from QWs in
NIN structure with bias. The results also give strong evidence
of photo-generated carriers escape with high enough electric
field intensity. We believe this phenomenon is caused by the
competition of escape process and recombination. It’s known
that the escape time is on the femtosecond scale considering the
drift speed and the quantum well dimension, which is far less
than the recombination time (on the nanosecond scale [22]).
So photo-generated carriers are more likely to escape before re-
combination. The deeper mechanism of the escape phenomenon,
such as the modulation function of the PN junction, is worthy
of further studies.

IV. CONCLUSION

In conclusion, by preparing NIN structure with two types of
MQWs and applying a positive and negative bias to the NIN
structure respectively to simulate the PIN structure, we found
that photo-generated carriers can escape from some QWs in NIN
structure with bias by analyzing the PL spectra, which removes
the quantum confinement effect. With the change of applied bias
voltage, the peak to peak ratio of bimodal is changing, showing
that carriers can escape from some QWs, but the escape rate is
much lower than PIN structure. By analyzing the electric field
distribution, we think this phenomenon comes from the effect of
the built-in field by continuing to analyze the electric field inten-
sity distribution in NIN structure with bias. High enough electric
field intensity would drive carriers to escape which is a faster
process rather than relaxation and recombination. Therefore, we
think that in PIN structure, photo-generated carriers will drift out
of the MQWs region preferentially instead of recombination, and
the time of drift out is much shorter than that of recombination.
The carrier takes priority to the faster process, which makes the
quantum confinement effect not work in the PIN structure. The
further study of carrier escape in MQWs will give new ideas to
design and produce photoelectric devices.
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