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Abstract

:

Recent experiments have shown that more than 85% of photo-generated carriers can escape from multiple quantum wells (MQWs) sandwiched between p-type and n-type layers (PIN). In this work, we quantitatively analyze the relationship between the energy of carriers and the height of potential barriers to be crossed, based on the GaAs/InGaAs quantum well structure system, combined with the Heisenberg uncertainty principle. It was found that that the energy obtained by electrons from photons is just enough for them to escape, and it was found that the energy obtained by the hole is just enough for it to escape due to the extra energy calculated, based on the uncertainty principle. This extra energy is considered to come from photo-generated thermal energy. The differential reflection spectrum of the structure is then measured by pump–probe technology to verify the assumption. The experiment shows that the photo-generated carrier has a longer lifetime in its short circuit (SC) state, and thus it possesses a lower structure temperature than that in open circuit (OC). This can only explain a thermal energy reduction caused by the continuous carrier escape in SC state, indicating an extra thermal energy transferred to the escaping carriers. This study is of great significance to the design of new optoelectronic devices and can improve the theory of photo-generated carrier transports.
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1. Introduction


Semiconductor materials are the cornerstones of the information society, and the progress of science and technology cannot be separated from the development of semiconductor materials and processes. In addition to the important applications in the field of electronics, semiconductor materials also have high application potential in the field of optoelectronics. With the advancement of semiconductor theory and manufacturing technology, quantum well (QW) and super-lattice structures have been developed. The quantum well structure has played an important role in the field of electricity-to-light conversion since its invention [1,2,3,4,5,6,7,8,9]. Light-emitting diodes (LEDs) [10,11,12] and lasers [13,14,15] both adopt multi-quantum well (MQW) structures due to their strong carrier capture and confinement capabilities in the electricity-to-light conversion field. These two devices achieved good commercial applications, and they are gradually changing and enriching people’s lives. As a new generation of lighting sources, LEDs have been gradually replacing incandescent light sources. The laser is more widely used in industrial, military, and other fields. However, as for the light-to-electricity conversion, the use of low-dimensional structures is somewhat limited. Quantum well infrared detectors (QWIPs) are the most widely used structures [16,17,18], which mainly exploit transitions between sub-bands. However, MQWs are hard to apply in light-to-electricity conversion devices based on the inter-band transition because, according to the classical theory, the photo-generated carriers would relax to the ground state of the low-dimensional materials, from where the photo-generated carriers cannot escape to form a photocurrent due to quantum confinement [19]. Due to quantum confinement, the carriers in quantum wells can only disappear through relaxation and recombination and cannot escape. Therefore, the application of low-dimensional semiconductor structure in the field of photoelectric conversion is limited.



Recently, many research groups have found that most part of photo-generated carriers would escape from MQWs when the MQWs’ structures are placed in the depletion region of the PN junction (PIN structure) [20,21,22,23]. By measuring the photoluminescence (PL) spectra in the case of open circuits (OCs) and short circuits (SCs), respectively, it was found that there is an obvious fluorescence quenching in the case of SC, accompanied by obvious photocurrent production [24,25,26,27,28]. This new phenomenon breaks our understanding of the carrier limiting effect of traditional low-dimensional structures. This shows that the photo-generated carriers can escape efficiently and can be used in photo-electric conversion devices. Furthermore, this phenomenon is not special and can be found in many material systems. We have investigated a large number of low dimensional material systems, including GaN/InGaN quantum well structures [21], GaAs/InGaAs quantum well structures [20], and GaAs/InAs quantum dot (QD) structures [29], all of which indicate that, when the thickness of the MQWs structure region is less than 100 nm, more than 85% of carriers can escape by comparing their integral strength of the PL peak under the OC and SC states. This special structure can be used to make new types of optoelectronic devices, such as quantum well solar cells and photodetectors (IQWIP) [25,30], which widen the range of applications of quantum wells. Meanwhile, as for the NIN structure that the MQW structures are placed into in the depletion region of the NN junction (NIN structure), there is no obvious fluorescence quenching phenomenon in the case of SC, even if bias voltage is applied [21,22,31]. Furthermore, this large escape rate cannot be explained by tunneling theory or thermionic emission theory. These theories can only explain some special structures in the special cases, but they cannot cover all cases. In some cases, a combination of the two theories is needed to explain a particular situation. Therefore, these two theories are not complete and need new interpretation. In this paper, we quantitatively analyze the relationship between the energy of carriers and the height of potential barriers to be crossed, based on the GaAs/InGaAs MQWs structure system of ref. [20], combined with the Heisenberg uncertainty principle [32]. We compared the energy difference between the energy level and the energy obtained by the excited carriers. The energy is analyzed from a quantitative point of view, and, combined with the energy introduced by the uncertainty principle, further numerical comparison is made. Based on the above analysis, some energy sources are guessed, and the pump–probe technique was applied to verify our relevant hypotheses. This study is of great significance to the design of new optoelectronic devices and can improve the theory of photo-generated carrier transport.




2. Analysis and Discussion


The PIN structure investigated in this work is based on GaAs/InGaAs MQWs structure [20]. Its epitaxial structure and energy band structure are shown in Figure 1a. The structure includes 10 quantum wells of InGaAs with thickness of 5 nm, and the composition of indium is 0.2. The width of barrier of GaAs is 20 nm. Figure 1 shows the energy band diagrams of PIN structure, the corresponding MQWs structure, and the sub-band energies, respectively. It can be seen that the conduction band level of GaAs is 0.6242 eV, and the valence band level is −0.7951 eV, showing that the band gap is 1.42 eV, which is consistent with the classical data of GaAs at 300 K. From Figure 1b, we can see that the conduction band level of In(0.2)GaAs is 0.4765 eV, and the valence band level is −0.7115 eV; for the electron, the first confined energy level in the well is 0.5424 eV, and, for the hole, the first confined energy level in the well is −0.7264 eV. This shows a band gap of 1.27 eV between two confined energies, corresponding to an emission wavelength of 976 nm, which is almost in agreement with that reported in [20]. Here, the strain is not considered in the calculation process, and the thickness of samples grown in the experiment is associated with a fluctuation, which results in a 6 nm wavelength fluctuation. So, this calculation is acceptable.



According to the above data, we can find that the energy difference between the electron’s first confined energy level and the energy of the barrier level of the electron is 81.8 meV, and the energy difference between the hole’s first confined energy level and the energy of the barrier level of the hole is 68.7 meV. The energy difference between the energy of barrier level of the electron and the hole’s first confined energy level is 1.35 eV, which corresponds to an excitation wavelength of 918 nm. When an excitation wavelength of 915 nm is used [20], the photon energy is greater than 1.355 eV. Therefore, the excited electrons with enough energy can escape directly. Additionally, electrons are not localized in quantum wells. So, we only need to consider the energy of excited holes.



The hole could also gain energy through the scattering from carriers and lattice, though the whole energy of the incident photon is carried away by the electron through the transition. The average thermal equilibrium energy of a large number of particles can be obtained by equilibrium theory. Additionally, the energy per free dimension is 1/2 kT, where k represents the Boltzmann constant, and T represents the absolute temperature. The carrier only has two free dimensions in the confined energy level. So, the energy of the hole obtained from carriers or lattices by scattering is kT. However, the above relevant experiments have shown that confined carriers can escape from MQWs in the PIN structure, which showed the properties of free carriers in three dimensions. Therefore, the hole would have three free dimensions, and the resulting energy is 3/2 kT, which is 39 meV at room temperature.



It should be noted that there Is a strong built-in electric field in the depletion region of the PN junction, which will accelerate the hole to obtain a certain velocity. The simulated distribution of the electric field in the structure is shown in Figure 2a. It can be seen that the electric field intensity in the MQW region is greater than 2 × 104 V/cm. From Figure 2b, we can see the relationship between the carrier saturation drift velocity and the electric field intensity in the GaAs material system is based on equations. The saturation drift velocity of holes increases with the increase in electric field intensity, eventually approaching to 107 cm/s. There exists velocity overshoot due to very short acceleration time of the hole in the MQWs. Meanwhile, due to the separation energy level in the quantum wells, the scattering effect of the hole will be reduced, so its saturation velocity will also increase. We treated the saturation velocity of the cavity in the well as 107 cm/s. Therefore, the kinetic energy obtained by the hole from the electric field is 1/2 mv2, corresponding to 17 meV. Combined with the above 39 meV thermal energy, the current total energy obtained is 56 meV, which is still less than the 68.7 meV that needs to be crossed. So, we need to think about other forms of energy.



Since holes also have quantum properties, we consider the energy due to uncertainty relations. Finally, according to the Heisenberg uncertainty principle ΔEΔt ≥ ℏ/2, where ΔE represents the difference between the measured energy and the actual energy, and Δt, the difference between the measured time and the actual time, ħ reduced Planck’s constant. The width of the well is known to be 5 nm, and the velocity of the hole is 107 cm/s, giving an average escape time of the hole of 25 fs. It has been confirmed, from previous experiments, that the escape time of photo-generated carriers is on the order of femtoseconds to picoseconds. This is in good agreement with the reported data [31], and it is accurate in terms of magnitude. Now that the time is accurate, the energy uncertainty ΔE can be estimated by substituting the time and the reduced Planck’s constant, which is ~13 meV.



From the above analysis, we can see that the energy of the hole contains thermal energy (39 meV), kinetic energy (17 meV), and uncertain energy (13 meV). Therefore, the hole in the quantum wells in the PIN structure has an energy of 69 meV, which is just larger than the barrier potential of 68.7 meV. This implies that, after considering the energy introduced by the uncertainty principle, the hole can escape from the MQWs. So, both holes and electrons can escape from the PIN structure and enter the external circuit, which results in fluorescence quenching in the case of SC. Additionally, here, we have a quantitative explanation of why photo-generated carriers can escape to MQWs.



For the state of OC, both sides of the wafer accumulate different carriers, which would introduce a new electric field, whose direction is different than that of the built-in electric field of the PN junction, as shown in Figure 3a, making the hole lose part of the energy source.



Since the electric field formed by the accumulation of charge carriers on both sides of the epitaxial structure is not damaged by the outside cases, and the surface–composite charge carriers are constantly supplemented by the internal photo-generated carriers, this maintains the stability of the electric field. The holes cannot obtain enough energy for continuous escape, which makes the fluorescence intensity still strong in the OC state, even in the case of escape. From Figure 3b, we can see that there are four processes for photo-generated carriers in the PIN structure: generation, relaxation, recombination, and escape. Although the time for photo-generated carriers to escape from a quantum well is on the order of femtoseconds, it is on the order of picoseconds for the MQW region, with a width of hundreds of nanometers or even microns. The photo-generated carriers either escape or undergo radiative recombination. It has been proven that the carrier escapes first [28]. The fluorescence intensity is consistent with that of OC when a bias voltage equivalent to the built-in electric field is applied. This fully indicates that the existence of escaping carriers reduces the built-in electric field. So, photogenic carriers cannot escape continuously.



According to the conservation of energy, the uncertain energy obtained by the hole should also be converted from another energy source. It is preliminarily speculated that this part of the energy comes from photon energy that fails to generate carriers by excitation, that is, heat energy. Next, we designed an experiment to verify this hypothesis.



It is well known that the lifetime of carriers decreases with temperature increase. Therefore, we can compare the lifetime of the carriers to explore the local surface temperature of the sample. Photo-generated carriers are a kind of non-equilibrium carrier. Their behavior follows a certain statistical theory. In general, the decay is exponential. The concentration of photo-generated carriers will affect the reflectance of the sample surface. Therefore, the carrier lifetime can be detected by measuring the differential reflection spectrum, based on the pump–probe technique. The pump–probe technique was first proposed by Toepler. Two femtosecond (fs) pulses, with time delay, are used, in which the one with higher energy and earlier time is used as the pump light, while the one with lower energy and later time is used as the probe light to excite and probe the samples, respectively. The pump light and the probe light are obtained by the same femtosecond laser beam passing through the beam splitter mirror, with one beam of high energy as the pump light and the other beam of low energy as the probe light. After the probe light passes through a displacement platform, there will be an optical path difference between the probe light and the pump light, and then a certain time interval will be generated. This is performed so that they can reach the surface of the sample successively. The pump light excites the sample to the excited state, and the probe light with time delay arrives later. The probe sample evolves with time after being excited. Figure 4a shows the schematic diagram of the pump–probe technology. The laser used has a wavelength of 808 nm with 1 kHz repetition frequency and 1 mW energy. The pulsed laser beam passed through a polarization beam splitter (PBS), which was divided into two pulsed beams, pump and probe, with an energy ratio of 10:1. The pump light shines on the sample, which is consistent with ref. [20], after passing through a corner reflector, which is mounted on a step motor. Therefore, the optical path difference between the pump light and the probe light, i.e., the time difference between the two pulsed light beams arriving at the sample surface, can be adjusted. The surface reflectivity of the sample is measured by using probe light with and without pump excitation, respectively, so that the differential reflection spectrum is obtained. The photon energy, corresponding to 808 nm wavelength, is larger than the band gap of GaAs and the band gap of InGaAs in the quantum well, so the photo-generated carriers can be excited simultaneously in the quantum well and on the surface. By studying the dynamic behavior of surface photo-generated carriers, the lifetime and local temperature variation are determined. The same measurement was carried out while the sample was further heated with a 532 nm laser for the purpose of enhancing the measurement contrast. By setting the sample to OC state and SC state with and without laser heating, we obtain the measurement results, which are shown in Figure 4b, which shows the lifetime of photo-generated carriers under different condition.



From Figure 4b, it can be seen that the lifetime of the SC state is longer than that of the OC state, showing that the sample temperature of SC state is lower than that of the OC state. It has been reported that, under the condition of SC, most photo-excited carriers escape from the quantum wells to generate photo-excited current, rather than relax to the ground state of quantum wells and recombine to emit light [20]. Since holes need energy to escape in the SC state, the heat energy may provide this excess energy, giving rise to a lower sample temperature than that in OC state. In the OC state, the sample temperature is higher due to no continuous escape phenomena.



When 532 nm laser heating is applied, both lifetimes of photo-generated carriers under OC and SC conditions become smaller, but they show the same trend, indicating a higher sample temperature induced by light heating. In this case, however, the lifetime of the SC state still is longer than that of the OC state. From the lifetime of the carrier in different states, one can deduce that the heat generated by light makes a contribution to the carrier escape in the SC state, resulting in a lower sample temperature than that in the OC state. This implies that heat generated by light may provide excess energy for carrier escape in the SC state.




3. Conclusions


In this paper, we mainly analyzed the energy of the hole from multiple aspects. In terms of this specific structure and the photo excitation source used (915 nm), we can know that the photo-generated electron can escape from quantum wells with enough energy. The energy uncertainty of the hole is calculated (13 meV), based on the uncertainty principle. Combined with thermal energy (39 meV) and kinetic energy (17 meV), we can find that the energy of the hole is 69 meV, which is greater than the barrier potential of 68.7 meV. This implies that the hole has enough energy to escape. We have assumed that the excess energy comes from the photon that has not excited the carriers, that is, photo-generated heat energy, and we verified this by using pump–probe technology. It has been found that, in the SC state, energy is required for carriers to escape, and this excess energy comes from light heating energy, so the sample temperature in this state is lower than that of the OC state, and the lifetime of carriers is longer than that of the OC state. In the OC state, the sample temperature is higher because of the lack of continuous escape phenomenon, and the lifetime of carriers is shorter. The conclusion of this work would help better understand the design of new solar cells, photodetectors, and other photoelectric devices, which are based on MQWs. It also provides a complement to the transport theory of photo-generated carriers.
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Figure 1. (a) Band diagram of the PIN structure. (b) Band diagram of ordinary quantum well structures. 
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Figure 2. (a) Electric field intensity distribution in the PIN structure. (b) Variation of carrier saturation drift velocity vs. electric field intensity in GaAs. 
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Figure 3. (a) The electric field inside the structure under OC. (b) Four processes that photo-generated carriers go through. 
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Figure 4. (a) Physical diagram of the optical path of pump-probe technology. (b) Differential reflection spectra of samples in different states. 
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