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replacement of Flash memory. [ 1–3 ]  As next-
generation nonvolatile memory applica-
tions, the metal–insulator–metal (MIM) 
module has been considered as promising 
storage element due to its merits of facile 
fabrication, low cost and 3D-stacked capa-
bility. [ 4 ]  So far, various materials, such as 
metal oxides, and organic materials, have 
already been demonstrated to exhibit the 
properties of switchable resistance. [ 5–7 ]  
Although the underlying mechanism 
of RS behavior is not yet clearly under-
stood, however, various models have been 
proposed, such as conducting fi laments 
composed of metallic atoms, or oxygen 
vacancies, hopping conduction, and 
trap-controlled space-charge-limited cur-
rent. [ 8–10 ]  Among the binary metal oxides, 
zinc oxide (ZnO) and magnesium oxide 
(MgO) have been respectively investigated 
to show excellent memory properties via 
using thin fi lm, nanorod, and nano-island 
structures. [ 8–13 ]  ZnO is a promising func-
tional material with a wide direct bandgap 
(3.37 eV) and large exciton binding energy 

(60 meV); it is biocompatible, highly chemical stable, and has 
excellent UV emission properties, [ 14 ]  while MgO is a chemically 
inert material, which has a large bandgap (7.9 eV), high thermal 
conductivity, and high break-down fi eld (≈12 MV cm −1 ). [ 9 ]  The 
accumulated advantages described above thus provide an ideal 
motivation for the exploration of resistance switching (RS) 
memory device based on ZnO/MgO composite. 

 Random lasing is a phenomenon that has been discov-
ered based on a highly disordered gain medium that enables 
to amplify light when pumped externally, and the scattering 
strength is nearly constant within the gain spectrum of the 
active medium. [ 15,16 ]  During the multiple and recurrent scat-
tering process, which provide coherent feedback, laser action 
with wide angle distribution starts to emerge when the amplifi -
cation exceeds the loss in an active random medium system. [ 17 ]  
In recent years, much more attention has been paid to this fi eld 
due to its various applications such as remote heat sensing, doc-
ument encoding, and even medical diagnostics. [ 18–21 ]  However, 
most random lasers are induced by optical pumping. [ 17,22,23 ]  For 
practical applications, electrical pumping RL is now needed 
and starts to be realized in few types of ZnO-based hetero-
junctions. [ 18,24–26 ]  Here, via using platinum (Pt), and indium 
tin oxide (ITO) as top and bottom electrodes, a random laser 
diode in the form of Pt/MgO/ZnO/ITO can be achieved. In this 
metal–insulator–semiconductor (MIS) laser diode, ZnO nano-
crystallite fi lm not only plays the role of optical gain medium, 
but also serves as the active scattering feedback centers to 
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  1.     Introduction 

 In the modern digital age, information communication and 
storage are now omnipresent and paramount for the functional 
enhancement. For conventional memory arrays, they are usu-
ally read by electrical signal under an applied external bias in 
series sequence, which greatly limits the data throughput. This 
diffi culty can be circumvented by optically readable memory 
devices. In addition, for the realization of all-optical memory, 
an electrically operated memory element with optical output 
would open a true application horizon. In this paper, via the 
integration of resistance random access memory (RRAM) and 
random laser (RL), for the fi rst time, we demonstrate an opti-
cally and electrically readable random laser memory (RLM). 
Among several types of memory devices, recent progress of 
RRAM has attracted great attention due to its potential for the 
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generate the lasing action. Therefore, the newly designed Pt/
MgO/ZnO/ITO device possesses two functionalities, including 
laser action and data storage. To the best of our knowledge, 
there is no early report has ever discussed the potential and 
possibility of generating memory function from the electri-
cally driven random laser diode. The discovery of RLM shown 
here can open up a new avenue toward electrical and optical 
communication, which should further generate both academic 
study and practical applications.  

  2.     Results and Discussion 

 The schematic illustration of the designed RLM (Pt/MgO/
ZnO/ITO) structure is shown in  Figure    1  . A typical scanning 
electron microscope (SEM) topography of ZnO fi lms, which is 
used as random laser media here, is shown in  Figure    2  a. It can 
be clearly seen that the fi lms consist of nano-crystallites with 
the grain size ranging from 30 to 60 nm. As reported previ-
ously, the optical gain of nano-crystalline ZnO is an order of 
magnitude larger than that of the bulk ZnO, thus favors the 
realization of lasers. [ 25 ]  To confi rm the existence of ZnO mate-
rial, an X-ray diffraction (XRD) is performed in Figure  2 b, in 
which the peak centered at 34.48° can be well indexed to the 
diffraction from (0002) facet of wurtzite ZnO. [ 25 ]  The XRD 
information indicates that the obtained ZnO layer is hexagonal-
wurtzite structured with a  c -axis preferred orientation. [ 27 ]  For 
the optical characterization, the PL spectra of the ZnO fi lms 
with and without annealing are shown in Figure  2 c. The UV 
peak located at the position of 380 nm corresponds to the near-
band-edge emission (NBE), while the visible spectrum centered 
at around 500 nm is attributed to the deep-level emission (DLE) 
due to the high density of inherent oxygen defects. [ 10 ]  The PL 
spectra thus serve as additional evidence to support the exist-
ence of ZnO fi lms. Furthermore, via effective annealing at 300 
°C for 1 h, the NBE derived from ZnO layer can be suffi ciently 
enhanced, while the DLE is effi ciently suppressed, thus favors 
the realization of UV lasing behavior.   

  Figure    3  a shows the typical  I – V  characteristics of the RLM 
device. The arrows in the fi gure indicate the sweeping direc-
tion of applying voltage. Once the applied voltage exceeded a 
turn-on voltage of +9.8 V, a rapid increase in the current was 
observed. The threshold voltage triggers the RLM cell from 
high resistance state (HRS) to low resistance state (LRS), which 
is defi ned as the “SET” process. The switch from low- (OFF) 
to high-conductivity (ON) state is equivalent to the “writing” 

command to a digital storage device. [ 4 ]  Meanwhile, a high ON/
OFF current ratio of ≈10 7  (read at +1 V), which promises a low 
misreading probability in data access, is shown in Figure  3 b 
as well. Furthermore, the ON state can be well remained even 
when the power was off, indicating a nonvolatile memory fea-
ture of the RLM. The LRS (ON) was not retrievable by applying 
a reverse bias. In Figure  3 c, the high conductivity remained as 
the voltage sweeping from 0 to −10 V and −10 to 0 V. These 
features thus indicate the designed RLM is a write-once-read-
many (WORM)-type memory device. [ 4 ]  In addition to the low 
misreading probability, the device stability is also important. 
To test the data retention ability, the LRS/HRS was probed at 
regular time interval under a reading voltage of +1 V. Observed 
from  Figure    4  , both the LRS and HRS remained in the same 
order of magnitude with a considerable duration of more than 
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 Figure 1.    Schematic illustration of RLM in the structure of Pt/MgO/ZnO/
ITO.

 Figure 2.    a) Scanning electron microscope (SEM) image, b) X-ray diffrac-
tion (XRD), and c) photoluminescence (PL) spectra of ZnO nanocrystal-
lite fi lms grown on ITO glass.
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10 3  s. Therefore, an excellent stability of the RLM device is fur-
ther confi rmed for practical applications.   

 The underlying origin of the RS in RLM device is intriguing 
but still controversial. Nevertheless, the measured  I – V  charac-
teristic reveals a possible underlying mechanism. According to 
the previous reports, [ 3 , 4,5,10 ]  the two main mechanisms respon-
sible for the transport behaviors in RRAM devices are the for-
mation of conducting fi laments and charge trapping effects. 
For the mechanism of conducting fi laments, as the applied bias 
is increased, the induced electric fi eld will lure the metal parti-
cles into the dielectric layer from electrodes. Under an intense 
electric fi eld, conducting bridges can be grown in the dielectric 
layer. Consequently, the memory switches from a low-conduc-
tivity state to a high-conductivity state. When a negative bias 
is applied across the device, the joule heating can fracture the 

conducting bridges and recover the memory to the low-conduc-
tivity state. Therefore, if the working principle of the memory 
follows the conducting fi lament mechanism, the switching 
behavior is rewritable. [ 3 ]  On the other hand, if the underlying 
mechanism responsible for the memory is due to charge trap-
ping effects, the switching behavior is not retrievable as shown 
in previous studies. [ 4 ]  It is because the trapping barrier is usu-
ally very large (≥0.5 eV), and the applied negative bias is not 
able to sweep trapped charges out of the dielectric layer. Obvi-
ously, in our case, since the ON state is not retrievable, this 
behavior may thus refl ect the possibility that the mechanism 
responsible for the RS effect arises from charge trapping as 
shown in our previous publications. [ 3 , 4 ]  

 The advantage of the newly designed RLM device is based 
on its dual functional abilities. In addition to the RS effect, an 
electrically driven RL action can also be well observed.  Figure    5   
shows the evolution of electroluminescence (EL) spectra with 
an increase of positive driving current. At a low injection cur-
rent such as 10 mA, the EL spectrum, which can be attrib-
uted to the spontaneous emission is broad, relatively weak 
and partially spoiled by background noise. However, when the 
driving current exceeds a specifi c threshold above 30 mA, such 
as 47 mA, sharp peaks with FWHM less than 0.8 nm start to 
emerge and superpose on the broad spontaneous emission. By 
further increasing the injection current to 62 and 77 mA, more 
sharp peaks appear. The appearance of randomly distributed 
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 Figure 3.     I – V  characteristics a) without and b) with log function of cur-
rent ( I ) axis. c)  I – V  characteristics of RLM after switching from high resist-
ance state (HRS) to low resistance state (LRS).

 Figure 4.    Programmed data retention ability at a reading voltage of +1 V 
before and after switching, respectively.

 Figure 5.    Lasing characterization of RLM by electrical pumping under 
different positive injection current.
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sharp peaks with very narrow line width upon increasing cur-
rent suggests that the typical random lasing behavior has been 
derived. [ 17 ]  It is noted that the EL spectra is collected from the 
direction normal to the sample surface. The dependences of 
emission intensity and full width at half maximum (FWHM) 
versus injection current are shown in  Figure    6  , in which the 
threshold current is about 30 mA and the line width shows 
a signifi cant reduction as the laser action starts to emerge. 
Since the thickness of the ZnO nano-crystallite fi lm is about 
100 nm, which is less than the half wavelength of the emitted 
UV light, the possibility of the Fabry–Perot type laser can be 
excluded. Random lasing is defi ned to be achieved when the 
excited light is multiply scattered in a closed-loop path till its 
amplifi cation exceeds loss. [ 17 ]  Hence, the ZnO nano-crystallite 
fi lm, which has a high refractive index ( n  ≈ 2.45) and multiple 
grains and voids are well feasible to form the random cavity, 
supporting the occurrence of RL. By using the information of 
the wavelength difference (Δ λ ) derived from the two nearest 
lasing peaks, the transport mean free path ( L ) of a light in the 
composite system can be further calculated by  L  =  λ  2 /2 n Δ λ , [ 28 ]  
where  λ  is the resonant wavelength (≈396 nm), n is the refrac-
tive index (≈2.45). The resultant approximate value is about 
53.3 µm. Different output lasing modes and intensities can be 
instantly generated by the every moment changed closed-loop 
path. In our case, since the observed sharp emission peaks 
change randomly under each detection, these unique features 
therefore provide a fi rm evidence to support that our fi ndings 
belong to the random laser behavior.   

 To better explore the EL origin, a band diagram of the Pt/
MgO/ZnO laser diode is illustrated in  Figure    7  . The conduction 
band offset (Δ E  C ) between MgO and ZnO is about 3.55 eV. [ 25 ]  
In this way, the high Δ E  C  will generate a barrier that prevents 
the electrons drifting from ZnO to Pt electrode, thus lead an 
accumulation of electrons at the interface of MgO/ZnO under 
a forward bias. In our case, the electric fi eld in the MgO layer 
is in an order of 10 6  V cm −1  at the threshold current due to 
its excellent dielectric nature. Under such a high electric fi eld, 
the electrons and holes can be effi ciently excited via the impact-
ionization mechanism. [ 25 ]  Therefore, the generated holes in 
MgO layer can be injected into the ZnO fi lm, thus recom-
bined with the accumulated electrons at the MgO/ZnO inter-
face, which results the observed UV electroluminescence. We 
have also attempted to interpret the EL based on the tunneling 

mechanism as reported previously. [ 29 ]  However, the expression 
derived from the tunneling process cannot be adequately used 
to explain our result. Besides, the thickness of the MgO layer of 
30 nm is too large for the tunneling action to occur.  

  Figure    8   shows the EL spectra at different detected angles. 
The injection current is fi xed at a value of 60 mA. Measure-
ment setup is shown by the inset, and  θ  is defi ned as the angle 
between the detector and sample surface. As observed, the 
lasing spectrum shows a wide angle distribution and reveals 
one of it display and emitting advantages. The lasing peaks and 
intensities vary with different angles as shown in Figure  8 . The 
possible origin of the EL intensity variation may be attributed 
to the randomly distributed cavities inside ZnO nanocrystallite 
fi lms, thus result different output directions, intensities, and 
lasing modes observed at various angles. These features are 
very similar to the optically and electrically pumped random 
lasers reported in ZnO by Cao et al. [ 17 ]  and Zhu et al., [ 25 ]  which 
further confi rm the existence of random lasers in our RLM 
device.  

 Here, we simply propose a facile and practical concept for 
the elevation of the newly designed RLM device as future out-
look. For traditional RRAM device, the data is transmitted by 
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 Figure 6.    EL intensity and full width at half maximum (FWHM) as func-
tions of injection current.

 Figure 7.    The RLM diode (Pt/MgO/ZnO) is operated under forward bias.

 Figure 8.    The inset denotes the schematic measurement setup.  θ  is the 
angle between sample surface and detector.
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scanning one bit after another, thus suffers the drawback of 
serial sequence of reading process. [ 29 ]  Therefore, one way to 
enhance the data transmission is via optical detection, which 
provides parallel reading process. For instance, when the RLM 
is turned on, the signal can be collected by an optical sensor, 
that is, regions without laser are served as logic “0,” and regions 
with laser are served as logic “1.” Once when the optical sensor 
can sense and distinguish each lasing signal derived from RLM 
at the same time, the maximum data throughput can be greatly 
enhanced. Besides, the highly coherent lasers exhibit much 
more advantages than purely spontaneous emission. At the 
current stage, the RLM device still requires a signifi cant high 
value of injection current to generate the laser action; it thus 
suffers a hurdle of time delay to refl ect the turn-on phenom-
enon instantly. Nevertheless, the way of improvement is still 
undoubtedly modern and fascinating.  

  3.     Conclusions 

 In summary, we have made the fi rst demonstration of a RLM 
device. The success of RLM mainly arises from the integration 
of both functionalities of random lasers and memories. During 
the characterization, the RLM is found to exhibit a signifi cant 
high ON/OFF current ratio of ≈10 7 , and considerable duration 
of more than 10 3  s. The random lasing derived from RLM device 
shows a broad angle distribution with a drive current threshold 
of about 30 mA. We believe that our approach may promote 
both laser and RRAM for diversifi ed applications in modern 
functional electronics and pave a new route to advance the tra-
ditional memories using electrical detection by faster parallel 
optical reading process. In addition, the discovered electrically 
operated memory device with optical output would open a true 
application horizon for the realization of all optical memories.  

  4.     Experimental Section 
 To fabricate the RLM device, the ZnO nano-crystallite fi lms and MgO 
layer were deposited in sequence onto the ITO glass by using the radio-
frequency (RF) magnetron sputtering technique. The ITO glass with the 
ITO thickness of about 260 nm was previously ultrasonically cleaned 
for 10 min in acetone, ethanol and deionized (DI) water in sequence 
to remove any absorbed contaminant. Prior to the MgO sputtering, the 
ZnO fi lms were post-annealed at 300 °C for 1 h under the air condition 
in order to reach a better quality. After that, MgO and Pt layer were 
deposited onto the ZnO fi lms in sequence to form a MIS (Pt/MgO/
ZnO) structure. The RF power for sputtering ZnO and MgO fi lms were 
both 300 W, and the chosen inert gas was Ar. When the sputtering action 
was started, the pressure inside the cavity was around 4.2 × 10 −3  Torr. 
The Pt layer was deposited by using the direct-current (DC) sputtering 
system (JFC-1600, JEOL). The thickness of the Pt, MgO, and ZnO layer 
is 10, 30, and 100 nm, respectively. It is worth noting that the thickness 
of MgO layer is set at 30 nm, because when the thickness is too large, 
such as 50 nm, the memory effect will still exist, but the random laser 
action cannot be obtained duo to the large voltage drop across the MgO 
layer and less injected charges into ZnO layer. On the contrast, when 
the thickness of MgO layer is as thin as 10 nm, both memory effect and 
random laser action disappear. Under this circumstance, the defective 
MgO layer can easily form a short circuit losing the capability to serve 
as a blocking layer and the charge carriers cannot be accumulated at the 
interface and produce radiative recombination. 

 The morphology of the ZnO fi lms was characterized by scanning 
electron microscope (JEOL JSM6500). The existence of ZnO was 
confi rmed by the X-ray diffraction with a wavelength of 0.15406 nm 
(Panalytical X’pert PRO), and photoluminescence (PL) spectra, which 
were carried out by the excitation of 325 nm He-Cd laser. The current–
voltage ( I – V ) and current–time ( I – T ) characteristics of RLM device 
were measured by using the Keithley 2410 semiconductor parameter 
analyzer. During the measurement in voltage sweeping mode, the bias 
was defi ned as positive when the current fl owed from the top to bottom 
electrode, and defi ned as negative when the current fl owed in opposite 
direction. EL measurements were carried out in a Jobin Yvon iHR550 
imaging spectrometer system with a continuous-current power source. 
Note that all the measurements were performed at room temperature.  
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