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Abstract:



We have proposed, fabricated, and studied a new design of a high-speed optical non-volatile memory. The recoding mechanism of the proposed memory utilizes a magnetization reversal of a nanomagnet by a spin-polarized photocurrent. It was shown experimentally that the operational speed of this memory may be extremely fast above 1 TBit/s. The challenges to realize both a high-speed recording and a high-speed reading are discussed. The memory is compact, integratable, and compatible with present semiconductor technology. If realized, it will advance data processing and computing technology towards a faster operation speed.






Keywords:


high-speed optical memory; spin-transfer torque; ferromagnetic-metal/semiconductor hybrid; nanomagnet; spin-polarized current; high-speed electron transport








1. Introduction


Data processing and transmission needs ever-faster operational speed. The transfer rate of 25.4 TBit/s through a single optical fiber was demonstrated [1]. However, due to the speed limitation of present electronic components, the data is transferred using many channels at different optical frequencies. Since each channel needs individual electrical and electro-optical components, such a system is complex, expensive, and has high power consumption. With the availability of ultra-fast optical non-volatile memory, the high broadband of optical fibers can be used in a wider range of applications, and a significant reduction in power consumption for data processing could be expected. High-speed data processing, chip-to-chip optical connections, and optical buffer memory are a few of the possible applications of a high-speed non-volatile optical memory.



A high-speed non-volatile optical memory is an essential component to achieve the required high-speed data processing. There are two major applications of this memory.



The first important application of the high-speed memory is chip-to-chip interconnection [2,3]. Its purpose is to transfer data from one silicon chip to another in the shortest possible time. In a silicon chip electrical memory, like Dynamic random-access memory (DRAM), Static random-access memory (SRAM), Phase-change memory (PRAM), Flash, Resistive random-access memory (ReRAM) [4] and Magnetoresistive random-access memory (MRAM) [5] , is dense, but electrical memory has a relatively moderate operational speed. The moderate speed for the data transfer inside the chip is acceptable and it does not limit a high speed of the total data transfer inside a chip. This is because, inside the chip, there is a large number of connection lines and the data transfer happens in parallel. Even though the transfer speed of each line is moderate, the overall transfer speed is fast. The case of a chip-to-chip interconnection is different, because the number of connection lines between chips is limited. It is important to transfer data through each line at a substantially faster speed. Optical interconnections between chips are used [2,3] in order to achieve a high-speed data transfer. A high-speed optical buffer memory is required to efficiently utilize the high-speed capabilities of the optical data links. The purpose the buffer memory is to match the in-parallel data transfer inside a chip with the in-serial data transfer between chips. The buffer memory does not need to be dense, but it must be very fast.



Another important application of the proposed high-speed optical memory is a buffer memory for an optical network router. It is worth noting that even though high-speed optical fiber links are widely installed worldwide, only a small fraction of their high-speed capacity is used. At present, the speed of a network is mostly limited by the speed of the network routers. The network router switches data streams between different nodes in a network. The function of the network router is to receive the data package from one channel, to store it, and send it to the second channel. Since the availability of the second channel is basically unknown, non-volatile memory has to be used in the router. Routers made of electrical components are installed in modern optical networks. Routers, which can process data at speeds up to 10 GBit/s, are already commercially available. Now significant efforts are applied to fabricate routers that can process data at speeds of 40 GBit/s. It is a challenging task, because the required operational speed is significantly above the speed limit of most of the electrical components. A further possible increase of the operational speed of the router, which is made of electrical components is, therefore, questionable. The use of a high-speed non-volatile optical memory might be the only option to increase the operational speed of an optical router and subsequently to increase the overall speed of the Internet [6].



It should be noted that the operation functions of a high-speed optical memory are different from the operation functions of a conventional random-access memory. In the random-access memory the reading and writing of one data bit can be done in any memory cell once per clock cycle. In contrast, in a high-speed optical memory a package of data pulses is read or recorded per clock cycle. The data pulses in a package should be as short as possible with a shortest-possible interval between them. Pulses with widths and intervals of a few picoseconds or shorter should be used. The interval between events of reading and writing a package is longer. It is about a few nanoseconds long. According to these operational features, the recording process in a high-speed optical memory is divided into two steps of substantially different operational speeds (Figure 1). The first step is called demultiplexing. During this step a package of data pulses is redistributed into individual memory cells ensuring that only one pulse is memorized per each memory cell. Since the data pulses in the package are very close to each other, the fastest-possible operational speed is required for demultiplexing. As it is shown below, the unique high-speed properties of the spin allows the successful demultiplexing for pulses with period as short as 450 ns. This corresponds to the operational speed of 2.5 TBit/s. The second recording step is memorizing each data pulse into each individual memory cell. This step can take a longer time. The time of the second step is only limited by the interval between data packages, which is relatively long. In the proposed memory, the duration of the second step is the magnetization reversal time of a nanomagnet. It is about 1 ns.


Figure 1. Recording mechanism of a high-speed memory, which consists of two steps. High-speed Step 1: Demultiplexer separates each data pulse in the package into an individual memory cell; Moderate-speed Step 2: Each-pulse is stored in each cell for long-time storage.
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It should be noted that a high-speed non-volatile optical memory is not commercially available. Even the full memory performance, including high-speed reading, demultiplexing, and writing, has not been yet demonstrated in a single device. At present, a switchable delay line is used as an optical buffer memory [6,7,8]. A very short storage time of about a few milliseconds is a significant limitation of this memory. Another interesting design of a high-speed optical memory is optical RAM [9,10]. It combines a high-speed demultiplexer with a conventional electrical SRAM memory [9] or an optical-cavity memory [10]. The operation principle of the used high-speed demultiplexer is based on the saturable absorption in low-temperature-grown (LT-) InGaAs/AlGaAs quantum wells. The large size of this memory and the lack of integration make the possibility of commercialization of this memory questionable. The maximum operational speed of a demultiplexer based on the saturable absorption in LT-III-V’s is limited by the absorption recovery time, which is about 20–100 ps. This time corresponds to the switching speed of 10–50 GBit/s. By optimizing the absorber structure and utilizing a spin-selective pumping, the demultiplexer speed of 1000 GBit/s has been demonstrated [11]. However, such operation beyond physical limits might not be reliable and the slower operational speed of 40 GBit/s [9,10] was only reported for the memories, which utilize a saturable absorber. The operational speed of the demultiplexer of the memory, which is described in this paper, is experimentally verified to be 2200 GBit/s. The recording speed of this memory is only limited by the electron dephasing time, which is at least shorter than 450 fs [12].



This paper does not describe the performance of all memory functions measured in a single memory device. Instead it describes the requirements, achievements, challenges, and features of fabrication technology for each particular function of the proposed high-speed non-volatile optical memory. Each memory function has been studied in separately-fabricated devices.



In this paper two designs of the memory are described. In the first design an iron nanomagnet is used as a storage element. In the second design a magnetic tunnel junction (MTJ) is used as storage. Both designs are very similar. However, each design has its own advantages and disadvantages. The full performance of the proposed memory, including the demultiplexing, high-speed reading, high-speed spin injection and magnetization reversal, has not been demonstrated in a single device. Some functions were demonstrated in the design with a nanomagnet, some functions were demonstrated in the design with a MTJ and some functions still have to be demonstrated. The fabrication technologies of the memory with a nanomagnet and a MTJ have their own features and challenges. Therefore, each fabrication technology is described separately.




2. Memory Design, Fabrication, and Recording Principle


The memory consists of micro-sized memory cells integrated on a semiconductor wafer. A bit of data is stored by each cell. Each cell consists of three parts: an optical waveguide, a semiconductor-made photo detector, and a nanomagnet made of a ferromagnetic metal. In the case of the memory with MTJ, instead of a single layer of ferromagnetic metal two layers are used, which are separated by a tunnel barrier. Figure 2 shows a memory cell of a prototype fabricated on GaAs substrate. The AlGaAs waveguide is transparent for light of λ = 800 nm. It is used to deliver the optical pulses to the memory cell. On top of the AlGaAs waveguide the p-i-n GaAs photo-detector is fabricated. The photo-detector absorbs the light. On the top of GaAs photo detector there is a Fe nanomagnet. The size of the nanomagnet is sufficiently small so that it is a single-domain state and it has two stable magnetization directions along its easy axis. The data is stored as a magnetized direction in the nanomagnet. Additionally, the nanomagnet functions as a top contact for the photo-detector.


Figure 2. Memory cell of a prototype fabricated on GaAs substrate. The transparent AlGaAs waveguide is used to deliver optical pulses to the memory cell. The p-i-n GaAs photodetector absorbs the optical pulses. It converts spin information in an optical pulse into the spin polarization of photo-excited electrons. The data is stored as a magnetized direction in the nanomagnet, which is fabricated on top of the detector. The nanomagnet is also used as a top electrode for the detector.



[image: Electronics 06 00007 g002]






The waveguide and the photo-detector were grown by a molecular-beam epitaxy (MBE) on a p-GaAs substrate. Following atomic-hydrogen cleaning and oxide removal, a 3-μm Al0.5Ga0.5As cladding layer and a 3-μm Al0.5Ga0.5As waveguide core layer were grown at Tsub = 650 °C. Both the core and cladding layers of the waveguide were slightly p-doped to about 7 × 1016 cm−3. The p-i-n GaAs photo detector was grown at Tsub = 580 °C and a gradual doping was used. The doping is p = 7 × 1016 cm−3 at the interface of waveguide and it is gradually reduced to 2 × 1015 cm−3 over 200 nm. Next, a 500 nm of undoped GaAs was grown following by a 300 nm of n-GaAs (n = 3 × 1017 cm−3). On the top of the detector a delta-doped contact layer was grown. The purpose of the contact layer is to create the lowest contact resistance between the detector and the nanomagnet. The contact layer consists of 25 nm of nn-GaAs (3 × 1019 cm−3) and 12 nm nn-In0.4Ga0.6As (7 × 1019 cm−3). The InGaAs was grown at Tsub = 540 °C. The growth was 2D type. The InGaAs thickness, In-concentration and doping concentration were optimized so that a slight increase of either of parameters causes a growth change from a 2D- to a 3D-type.



After the growth of the photo-detector, the sample was transferred into a sputtering chamber without the breaking of vacuum. A 2 nm of Fe and a 4 nm of Au protection layer were deposited at Tsub = −10 °C. The nanomagnet with an ellipse-shape of 100 nm × 80 nm was fabricated using EB lithography and an Ar milling. The Fe nanomagnet was etched precisely up to the semiconductor interface. A 65-nm SiO2 isolation layer aside of the nanomagnet was fabricated by the lift-off technique. Next, a 4 μm × 4 μm detector was wet-etched and a 4-μm-wide 1.8-μm deep waveguide was dry-etched. The Ti/Pt/Au p-type Ohmic contact was fabricated on the backside of the substrate. The sample was cleaved into 3-mm-long pieces across the waveguides. A reverse bias voltage for the photo detector was applied between the nanomagnet and the back contact. Light from a tunable Ti: sapphire laser was coupled into a fiber and from the fiber into the waveguide. Both the TE- and TM-polarized modes were excited with about the same amplitude. The fiber paths of TE- and TM-polarized light were separated. A phase modulator was installed in the fiber path of TM-polarized light. It was used to adjust mutual phase between TM and TE modes in waveguide to make circular-polarized light at a point where it is absorbed by the detector.



For the data recording, the magnetization direction must be reversed by optical pulse. The circularly-polarized optical pulse is absorbed in the semiconductor detector creating spin-polarized electrons. Under applied voltage these spin-polarized electrons are injected from the detector into the nanomagnet. The spin transfer torque is a consequence of the transfer of spin angular momentum from a spin-polarized current to the magnetic moment of a nanomagnet. If the torque is sufficient, the magnetization turns and the data is memorized. Due to the optical selection rule, the spin-polarized electrons can be created only by the circular polarized optical pulse. The linear polarized light excites equal amounts of electrons of both up and down spins; therefore, there is no net spin polarization, the current injected into nanomagnet is not spin-polarized, and there is no spin torque.



Figure 3 shows integration of two memory cells and explains principle of high speed recording. There are two waveguide inputs. One input is for data pulses and one input is for the clock pulse. The clock pulse is used to select for recording a single pulse from a sequence of the data pulses. Polarization of data pulses and the clock pulse are linear and mutually orthogonal. Optical paths were split so each memory cell is illuminated by the data pulses and the clock pulse. The lengths of waveguides are adjusted so that the phase difference between the clock and data pulses is lambda/4 at each memory cell. At the first memory cell the clock pulse came at the same time with first data pulse. Therefore, these two pulses are combined into one circularly polarized pulse. Since only the first pulse is circularly polarized, only this pulse excites spin-polarized electrons, changes magnetization, and is memorized. All other data pulses are linearly polarized, they do not excite spin-polarized electrons and they have no effect on the magnetization. For the second memory cell, the clock pulse is slightly delayed relative to the data pulses and it comes together with the second data pulse. Only the second pulse is circularly polarized and can be memorized by the second memory cell. Therefore, each data pulse can be memorized by individual memory cell. The closer the pulses can be placed relative to each other, the more data can be transformed through one line and the faster recording speed of the memory can be achieved. The minimum interval between pulses, at which a pulse can be recorded without any influence of nearest pulse, determines the recording speed of the memory.


Figure 3. Integration of two memory cells and the principal of high-speed recording. Reproduced with permission from [12], American Institute of Physics, 2009.
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It is impossible to make a demultiplexer with an infinite operational speed. A relaxation time of a switching mechanism always limits the operational speed. A switching mechanism of the shortest relaxation time should be used for the demultiplexing. The relaxation time for the switching of spin-polarization, which is the demultiplexing method in the proposed memory, is very short. As is shown below, it is about a few hundred femtoseconds. It is a unique property of the spin. The ultra-short relaxation time for the spin switching makes this switching mechanism well-suitable for use in ultra-high-speed optical devices.



The fast demultiplexing speed of the proposed memory was experimentally verified [12]. A package of two 100-fs-wide pulses with a period of 450 fs was combined with a 100-fs-wide clock pulse and was focused into a GaAs film. The spin polarization of the photo-excited electrons was measured by the Kerr rotation of a probe pulse. The clock pulse and pulses of the package were linearly cross-polarized. A delay between clock pulse and the package was controlled. Figure 4 shows the measured spin polarization of the photo-excited electrons as the function of the delay of the clock pulse in respect to the first pulse of the package. When the clock pulse was delayed so that it coincides with the first pulse of the package, the first pulse becomes a circularly-polarized. Only this pulse excites the spin-polarized photo-electrons and only this pulse is detected. The second pulse remains the linearly-polarized and it does not affect the recording. When the clock pulse is delayed to coincide with the second pulse, only the second pulse is recorded. The important result of the Figure 4 is that that it is possible to separate each pulse individually from a dense-packed package of optical pulses with period of only 450 fs. Only a selected pulse solely creates the spin polarization. Either the following or preceding unselected pulse does not affect the spin polarization. When the clock is at the position of the first pulse (0 ps), the second pulse does not excite any spin-polarization. Therefore, it does not affect the recording. When the clock pulse is at 450 fs, only the second pulse is recorded, but the first pulse does not influence the recording.


Figure 4. Spin-polarization of electrons excited by the combined beam of clock pulse and two data pulses as a function of the delay of the clock pulse. Reading of the spin-polarization was done 100 ps after arrival of pump pulses. The data proves a feasibility for recording at 2.2 TBit/s. Reproduced with permission from [12], American Institute of Physics, 2009.
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For example, in the case when the delay line of 450 fs use in the scheme of Figure 3, the first and second pulses of the date package are stored in each memory element separately. The magnetization of the nanomagnet of the first memory cell is reversed according to whether the first pulse exists or not. The existence or absence of the second pulse does not influence the nanomagnet of the first memory. Similarly, the magnetization reversal of nanomagnet of the second memory cell is triggered only by the second pulse. The existence or absence of the first pulse has no effect on the nanomagnet of the second memory cell.



It should be noted that the reason for the described high-speed demultiplexing is not the ability of high-speed switching of the circular polarization, but a very short relaxation time of the proposed demultiplexing mechanism. The relaxation time of the described spin switching mechanism is the electron dephasing time, which is very short. The following explains why the electron dephasing time is the relaxation time of the described demultiplexing mechanism. When two linear cross-polarized pulses overlap, their combined polarization is circularly-polarized and they excite the spin-polarized electrons. When the pulses are separated, so they are not overlapped, there is no circular polarization and the spin-polarized electrons should not be excited. This is not correct. For example, in the experiment shown in Figure 4 the autocorrelation measurements showed that, at the delay of 225 fs between a 100-fs wide clock pulse and the pulses of the data package, there is no any overlap between any two pulses. This means that for this delay, the three linear-polarized pulses without any circular polarization component excite the photo electrons. Even though there is no circular polarization of light, still, a substantial spin polarization of the photo-electrons is created (see Figure 4). This can be explained as follows: Within the electron dephasing time the photo-excited electrons are coherent, they conserve their phase and spin. When electrons are excited by two pulses with an interval shorter than the electron dephasing time, the photo-excited electrons interact coherently and they may create a spin- polarization [12]. Therefore, after the illumination by the first linear-polarized-pulse, the material keeps information about the phase of this pulse for a very tiny moment of 450 fs. If within this time, the second pulse illuminates the material, the spin polarization is created, because the information about the phase of the first pulse is still stored in the material. In the case where the second time arrived after a time longer than the electron dephasing time, the information of the phase of the first pulse is lost and the spin polarization cannot be created. This explains the ultra-fast switching speed of the proposed demultiplexing mechanism.




3. High-Speed Injected of Photo-Excited Electrons into a Nanomagnet


The recoding mechanism of the proposed memory consists of two steps (See Figure 1). As was shown above, we have successfully verified an ultra-high demultiplexing for the proposed recording method. The second step of the recording is magnetization reversal of a nanomagnet by spin-polarized photo-excited electrons. This step can be done at a moderate speed.



The spin lifetime in the semiconductor is short. For GaAs it does not exceed 100 picoseconds at room temperature. In the design of the proposed memory a short optical pulse excites spin-polarized electrons in the semiconductor photo-detector. Under the applied voltage the photo-excited electrons are injected into the nanomagnet. In the case when the injection time is longer than the spin lifetime, the spin information is lost inside the semiconductor before it is injected into the nanomagnet.



Additionally, for the same energy of the optical pulse, the amplitude of the injected current lowers for the longer injection time. Since the magnetization reversal has a threshold with respect to the amplitude of the injected current, the long injection time significantly limits the possibility of the magnetization reversal by the light. The injection time shorter than 100 picoseconds is essential to achieve magnetization reversal by the light with respect to both the electron spin lifetime and the amplitude of the injected current. The injection time should be as short as possible. At least it should be shorter than the spin lifetime in the semiconductor.



In order to verify and to optimize the injection of photo-electrons into a nanomagnet, we have fabricated a simplified memory cell comparing to that of Figure 2. We have removed the waveguide and we have made a p-contact directly to the p-region of the photo-detector. Except for this simplification, the structure remains the same as in Figure 2. A femtosecond pulse laser was used as the light source with pulse width of 140 fs and the pulse repetition rate of 80 MHz. The laser beam was focused into a spot of 4-μm diameter exactly on top of nano contact (Figure 5b). Since the size of the nanomagnet and its connecting electrode are much smaller that the laser spot, almost all of the light is absorbed by the photo-detector. The time response of the p-i-n photo detectors was measured by a sampling oscilloscope on a 50-Ohm load resistor connected between the nanomagnet and the metallic contact to p-GaAs layer of the detector. We have found that the injection time strongly depends on the contact resistance between the nanomagnet and the detector. The lowest contact resistance is required to achieve the acceptably-short injection time. In order to reduce the contact resistance we have used a delta-doped InGaAs contacting layer. The same fabrication method was used as was described in the previous chapter. By varying the doping concentration of the InGaAs layer, three samples with the contact resistance of 7000, 250, and 30 Ohm/μm2 were fabricated. All contacts were Ohmic. Figure 5b shows the time evolution of photo-excited current. For the sample with the contact resistance of 30 Ohm/μm2, the injection time was 80 ps, which is shorter than the spin lifetime in GaAs. From Figure 5b it could be concluded the lowest metal/semiconductor contact resistance is a critical parameter for the design of this memory. It should be lower than 100 Ohm/μm2.


Figure 5. (a) Experimental setup to measure the injection time of photo-excited electrons from the p-i-n GaAs photo detector into the Fe nanomagnet; and (b) the time evolution of photo-current following excitation by a 140-femtosecond pulse for samples with different nano contact resistance.
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There is another reason, which may limit a shortest injection time. The size of the photo detector should be longer than the penetration length of light into the GaAs, which is about 1–2 μm. Therefore, the length of the photo detector should be at least 3–4 μm (See Figure 2). A photo-electron, which is excited at the edge of the photo detector, should pass a distance about 1–2 μm until it reaches the nanomagnet. It takes a time, which may elongate the injection time. In order to verify this we performed the experiment shown in Figure 6. The time evolution of photo-excited current was measured for two cases. At first, the light beam was focused exactly at the center of a nanomagnet and the injection time was measured. Next, the beam was moved 6 μm out of the nanomagnet and the injection time was measured again. As can be seen from Figure 6b, there is a delay of 80 ps between time responses. This means that the photo-excited electrons moves at a speed of 75 km/s = 6 μm/80 ps, which is close to the saturation speed in GaAs. The saturation speed is the fastest speed at which an electron may move in a solid. At a faster speed an electron emits phonons intensively, which rapidly slows it down. The case is similar to the case of a plane flying at an ultrasonic speed.


Figure 6. (a) Experimental setup to measure the movement speed of photo-excite electrons under injection into the nanomagnet; and (b) the time evolution of photo-current in cases when beam is focused at the center of a nanomagnet (light-green line) and 6 mm aside (dark-green line).
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For the design in Figure 2, an electron, which is photo-excited at the edge of the detector, needs to move 2 μm until it reaches the nanomagnet. In the case of a sufficiently low contact resistance of the nanomagnet, it takes only 26 ps. This is a sufficiently short time to ensure that the injected photo-excited electrons are still spin-polarized.




4. Read-Out Mechanism


The magneto-optical effect may be used as a high-speed reading mechanism. The magneto-optical read-out can be achieved by utilizing an effect of magnetization-dependent loss. When one layer of the optical waveguide is a ferromagnetic metal and its magnetization is perpendicular to the mode propagation direction, the optical absorption is different for two opposite direction of the magnetization [13,14,15,16]. Therefore, such a waveguide can function as an optical gate, when the light can be switched on or off by reversing the magnetization of the metal. The magnetization of a ferromagnetic metal can be detected by the intensity of transmitted light. Figure 7 shows the transmission light in a transparent AlGaAs waveguide with an embedded Fe nanomagnet as a function a magnetic field applied perpendicularly to the waveguide. In the case of a long nanomagnet, the on/off ratio is high and the signal-to-noise ratio (SNR) is low. As the size of the nanomagnet decreases, the on/off ratio decreases and the SNR increases. It is difficult to read the magnetization of a nanomagnet 1 μm in size or smaller [17]. It should be noted that there is only one mode in the waveguide and there are no other modes to which light could be diffracted. Therefore, there is no any diffraction and there is not any diffraction limit. Still, it is unclear why the on/off ratio sharply decreases and the SNR sharply increases when the size of nanomagnet approaches the light wavelength. The probable reason might be that a surface plasmon is excited on the surface of the ferromagnetic metal [18,19].


Figure 7. Transmission of transverse-magnetic (TM) mode of rib waveguide with an embedded Fe micromagnet as a function of magnetic field applied perpendicularly to the waveguide and in waveguide plane. Length of nanomagnet is (a) 64 μm, (b) 8 μm, and (c) 4 μm.
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5. Memory with a MTJ Electrode


In previous chapters a design of the high-speed memory, which is made of a single ferromagnetic metal (for example, an iron-made nanomagnet) was discussed. There is another possible design of the memory, where a magnetic tunnel junction (MTJ) is used instead of the nanomagnet. There are merits and demerits of such design. Major merit of the memory with a MTJ electrode is its ability for both electrical and optical reading and writing. Due to this property, the reading/recording from/into the memory can be done either by an electrical current, which makes possible a data exchange between the memory and other electrical components inside the chip, or by light, which provides data exchange with other chips. Therefore, this memory design is quite suitable for chip-to-chip connection as a high-speed buffer memory.



The demerit of this design is that the recording can be done not only by a circularly-polarized optical pulse, but also by a linear-polarized pulse. It makes it more difficult to use the high-speed demultiplexing scheme of Figure 3. In contrast to the memory with a nanomagnet, in the case of the memory with a MTJ electrode there are additional limitations on pulse intensities and the number of pulses in a pulse package that could be recorded.



The magnetization direction of a ferromagnetic metal may be reversed by a spin current. The relaxation of spin current in the ferromagnetic metal induces a spin torque [20], which may reverse the magnetization of the metal. This effect is used as a writing method in magnetic random access memories (MRAM) [5]. In the memory design with a MTJ electrode, the spin current may be generated not only in the semiconductor detector, but also at the tunnel junction. Only circularly-polarized light photo-excites a spin-polarized current in the detector. In contrast, a pulse of any polarization may induce a spin-current and the spin torque at the tunnel barrier. The tunnel barrier itself functions as a spin polarizer. The ability of the magnetization reversal by both spin-polarized and spin-unpolarized photo-currents has some advantages and disadvantages for the memory with a MTJ electrode, which are discussed below.



Figure 8 shows an example of the memory with a MTJ electrode. It consists of a GaAs p-i-n diode with a MTJ electrode and a side electrode in close vicinity of the MTJ electrode. The MTJ is made of two ferromagnetic metals separated by an MgO tunnel barrier. The “free” layer of the MTJ is in contact with the GaAs photodiode. The top layer of the MTJ is the “pin” layer. The photo-induced electrons may reverse magnetization of the “free” layer, but the magnetization of “pin” layers should remain the same. The magnetization direction of “free” and “pin” layers may be either in-plane, as shown in Figure 8, or perpendicular to the plane. The resistivity of the MTJ depends on mutual orientation of magnetization of “free” and “pin” layers. The “free” layer has two opposite stable magnetization directions. The data is stored as a magnetized direction in the “free” layer. The side contact is used for the electrical recording and reading. There is a delta-doped nn-InGaAs layer (which is not shown in Figure 8) between the “free” layer of MTJ and n-GaAs. As was explained before, the nn-InGaAs layer is used to achieve the lowest contact resistance between the MTJ and n-GaAs layer. Additional difference of the design of Figure 8 from the design of Figure 2 is that the p-i-n detector is embedded into the AlGaAs waveguide. The AlGaAs was wet-etched before the growth of the detector.


Figure 8. Design of spin-photon memory with magnetic tunnel junction (MTJ) electrode.
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In the memory with a MTJ electrode recording and reading can be done by an electrical current. The recording and reading methods are similar to those that are currently used in the MRAM [5].



For the electrical reading, a voltage is applied between the MTJ and the side contact. The resistivity of the MTJ is different for two opposite magnetization directions of the “free” layer with respect to the magnetization direction of the “pin” layer. The stored data is sensed by the current flowing through the MTJ.



For the electrical recording, a larger voltage is applied between the MTJ and the side contact. The charge current, which flows through the tunnel barrier, induces the spin current. The relaxation of the spin current causes a spin-transfer torque [20]. The spin-transfer torque is a consequence of the transfer of spin angular momentum from a spin current. If the current is sufficient, the magnetization of the “free” layer is reversed by the spin-transfer torque and data is memorized. By changing polarity of the applied voltage, the magnetization of the “free” layer can be turned either in parallel or opposite to the magnetization of the “pin” layer.



The method of the optical reading for this memory is based on the control of the optical gain of a p-i-n junction by a MTJ electrode. The p-i-n GaAs junction absorbs the light, when there is no current injection into the p-i-n junction. When under a direct bias the current is injected, the absorption can be compensated and light can be amplified, because of the stimulated emission. A bias voltage is applied between the back electrode and the top of the MTJ. Since the different resistance of the MTJ, the current injected into the p-i-n GaAs is different for the opposite magnetization directions of the “pin” layer. The bias voltage should be optimized so that for the parallel magnetization directions of the MTJ electrodes, the injection current is sufficient to produce an optical gain in the p-i-n junction and, for the opposite magnetization directions, the injection current should not be sufficient to create any gain. Therefore, the direct-biased p-i-n junction with a MTJ works as an optical switch. When the magnetization of the “free” layer is parallel to the magnetization of the “pin” layer, a light pulse can pass through the junction. When the magnetization of the “free” layer is reversed, the light pulse is blocked.



Figure 9 shows IV characteristic of a p-i-n junction with a MTJ electrode, in which the magnetization of the “free” layer is either parallel or opposite to the magnetization of the “pin” layer. The data was calculated from the measured IV characteristics of a fabricated nano-sized MTJ contact and micro-sized p-i-n GaAs junction. The operation voltage was optimized that the amplifier provides a gain when the magnetizations of the “pin” and “free” layers are in parallel. The amplifier absorbs the light when the magnetization directions are opposite. Therefore, the optical amplifier is either transparent or not depending on the magnetization direction of the “free” layer or the data stored in the memory cell.


Figure 9. IV characteristic of p-i-n optical amplifier with MTJ electrode. The arrows show mutual magnetization directions of the “free” and “pin” layers. The red line shows the case when the magnetization of the “free” layer is parallel to the magnetization of “pin” layer. The green line shows the case when the magnetization of the “free” layer is opposite to the magnetization of the “pin” layer. The data were calculated from the measured IV characteristics of fabricated a nano-sized MTJ and a micro-sized GaAs p-i-n junction. Above the threshold current the amplifier provides a gain. The optimum operation voltage is shown. At the optimum voltage the optical amplifier is either transparent for light or not transparent depending on the data stored in the memory cell.
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High-speed read-out of the optical memory is called multiplexing. The output of the multiplexing is a package of optical pulses. The intensity of each pulse is proportional to the data stored in a corresponded memory element. The pulse width and the interval between pulses should be as short as possible. Figure 10 shows the multiplexing scheme. The mode-locked laser provides a short pulse. The waveguide path is split so that the pulse is split and it illuminates every memory cell. A pulse can pass a memory cell for one magnetization direction and is blocked for the opposite magnetization direction. At the output, all waveguide paths are combined. Each path has different length, so that each pulse reaches the output with a different delay and the amplitude of the pulse corresponded to the “free”-layer magnetization of each cell. Therefore, at the output the serial train of pulses is created. The intensity of each pulse is proportional to the data stored in each memory cell. The speed of the reading is limited only by a shortest pulse width, for which the p-i-n junction is still able to provide an optical gain.


Figure 10. Multiplexing scheme for high-speed reading of the memory with MTJ electrode.
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As was explained above (See Figure 7), the high-speed reading of magnetization of a nanomagnet was demonstrated for nanomagnet length of 1 μm or longer [17]. There are difficulties for the magnetization reading for nanomagnets of a smaller size. For the magnetization reading of a nanomagnet length of 1 μm or shorter, both the on/off ratio and the SNR sharply decrease [17]. In contrast, in the case of the magnetization reading of memory with a MTJ electrode, both the on/off ratio and the SNR do not depend on electrode size. Therefore, the high-speed optical reading is still possible even for nanomagnet diameters of 100 nm or smaller.



The method of high-speed optical recording for the memory with MTJ is similar to that of the memory with a nanomagnet. The circularly-polarized optical pulse is absorbed in the p-i-n GaAs junction creating spin-polarized electrons. Under the bias voltage applied between MTJ and back electrode these spin-polarized electrons are injected from the semiconductor into the “free” layer of MTJ. The spin transfer torque is a consequence of the transfer of spin angular momentum from a spin-polarized current to the magnetic moment of the “free” layer of the MTJ. If the torque is sufficient, the magnetization turns and the data is recorded.



There are both merits and demerits for the recording when a MTJ electrode used instead of a nanomagnet. The main advantage is that the recording can be done by an optical pulse of a substantially-smaller intensity. It can be realized as follows: in addition to the bias voltage, which is applied between the back electrode and the top of the MTJ, a voltage can be applied between the side contact and the MTJ. The current, which flows between the side and MTJ electrodes, should be adjusted just slightly below the threshold current for the magnetization reversal of the “free” layer of the MTJ. In this case an optical pulse of a small intensity can trigger the magnetization reversal. Therefore, a pulse of a smaller intensity can be memorized.



In contrast to spin-photon memory with a nanomagnet, in the case of the memory with MTJ, a linear-polarized pulse of sufficient intensity may reverse the magnetization of the “free” layer. This is an undesirable event. In the scheme of the high-speed demultiplexing (Figure 3), the recorded pulse should be circularly polarized. Other pulses in the optical package are linearly polarized and should not have any influence on the recording. It is not the case of the memory with a MTJ electrode. The linearly-polarized pulses may have a substantial influence on the recording. Still, it is possible to use the demultiplexing scheme of Figure 3 for the memory with a MTJ electrode. The memory should be optimized to make the threshold current for the magnetization reversal by a spin-polarized current to be significantly smaller than the threshold current for the reversal by a spin-non-polarized current. This can be done by decreasing the spin polarization of a material of the “pin” layer.



The fabrication of the MTJ on top of a semiconductor photo detector with very thin tunnel barrier and very thin free layer on top of the semiconductor is the main challenge of the fabrication of the memory with a MTJ electrode. The following explains the importance of a thin tunnel barrier, a thin free layer, and a low semiconductor/metal contact resistance for the fabrication of the memory with a MTJ electrode.



From MRAM technology [5] it is known that there is a threshold current, above which the current-induced magnetization reversal is possible. Typically, the threshold current density is about 1 × 107 A∙cm2. The requirement of a high current density limits the variation of parameters of the MTJ. The first limitation is on the size and thickness of the “free” layer. Since the threshold current is proportional to the volume of the “free” layer. The thickness of the “free” layer should be thinner than 2 nm and its diameter should be smaller than 100 nm. The second limitation is with respect to the thickness of the MgO tunnel barrier. The maximum voltage, which may be applied to a MTJ is about 1 V. A higher voltage breaks the tunnel barrier. In order to achieve the required high current at this upper-limit voltage, the MTJ resistance should be sufficiently low. It limits the thickness of the MgO tunnel barrier to be smaller than 1.3 nm. The third limitation is with respect to the contact resistance between the MTJ electrode and the semiconductor. Since the contact resistance and the MTJ resistance are in series, the contact resistance should be comparable or smaller than the MTJ resistance. This limits the contact resistance to be smaller than 50 Ohm/μm2. As was explained above (see Figure 5b), we were able to fabricate the samples with a contact resistance of 30 Ohm/μm2, which fits this requirement well.



We have succeeded in fabricating a nano-sized MTJ contact on a GaAs photo-detector, in which tunnel magneto resistance (TMR) is about 100%. However, we were able to fabricate the MTJ with the high TMR only in the case when the “free” layer is thicker than 12 nm and the MgO barrier is thicker than 1.7 nm. As was mentioned above, both thicknesses should be reduced to meet the requirements for the magnetization reversal. It is possible to decrease the thickness of the MgO barrier down to 1.3 nm, but this causes the decrease of the TMR to 40%–70% and the decrease of the number of good samples on wafers without pin holes. The yield reduces from 99% to 10%. It is more difficult to reduce the thickness of the “free” layer. Even a slight decrease in the thickness of the “free” layer causes a sharp drop of the TMR. We have found the reason for the drop of the MR is the diffusion of Ga, As, and In into the region in the vicinity of the tunnel junction. In order to reduce the diffusion we have used the following growth procedure: after a semiconductor growth, a sample was cooled to −10 °C and the Fe “free” layer and 0.7-nm of the MgO barrier were grown. Then, the sample was heated up to 200 °C and the remaining part of the MgO barrier was grown. The “pin” layer was grown at room temperature. The low-temperature growth suppresses the diffusion and a higher-temperature growth of the MgO is required to make a smoother tunnel barrier. Figure 11 shows the measured TMR as a function of thickness of the “free” layer for different thicknesses of the MgO barrier. Even in the case of the optimized growth, the TMR drops below 10 nm and it nearly vanishes at a “free” layer thickness of 5 nm. The distributions of Ga, In, and As across the thickness of the “free” layer was measured by the secondary ion mass spectrometry (SIMS). The Ga, In, and As were detected within thickness of the “free” layer of 5 nm.


Figure 11. Tunnel magneto-resistance of Fe/MgO/Fe MTJ grown on a p-i-n GaAs photodetector as a function of thickness of “free” layer. The dark line shows the distribution of As contamination across the thickness of the “free” layer.
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Even though the amount of the Ga, In, and As in the vicinity of the tunnel is very small and it does not exceed 0.1%, the contamination causes a substantial drop of the TMR. The reason for this undesirable effect still has to be understood.



In order to verify the possibility of the magnetization reversal by photo-excited electrons we have studied the sample shown in Figure 12a. The thickness of the “free” layer was 8 nm. The TMR is still substantial at this thickness. Even though the “free” layer was too thick to expect the magnetization reversal, a spin precession, which is induced by the photo-excited electrons, could be expected. A light beam was focused into a 4-μm-diameter spot with the MTJ contact at the center. A femtosecond pulse laser was used as the light source with the pulse width of 140 fs and the pulse repetition rate of 80 MHz. A femtosecond light pulse generates photo-carriers in the p-i-n GaAs, which is injected into the lower electrode of the MTJ. The TMR was measured under illumination of light as follows. A voltage drop at the MTJ was measured using the side electrode by a DC voltmeter. The photocurrent was measured by a DC ammeter connected between the top of the MTJ and the p-GaAs contact. From these data the resistance of the MTJ was calculated.


Figure 12. (a) Experimental setup for the measurement of the TMR of the Fe/MgO/Fe MTJ fabricated on top of the p-i-n-GaAs photo detector under illumination of femtosecond pulses. The diameter of the MTJ electrode is 100 nm; and (b) magneto resistance of the MTJ electrode measured under illumination of femtosecond pulses of different energy.
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Figure 12b shows the magneto-resistance of the Fe:MgO:Fe MTJ measured under illumination of femtosecond pulses of different energies. The TMR decreases as the pulse energy increases. In addition, the switching field of the top Fe/Co “pin” electrode (the switching field is ~60 Oe) decreases as the pulse energy increases. In contrast, the switching field of the lower Fe “free” electrode (the switching field is a ~15 Oe) does not depend on the pulse energy. We did not observe a difference in the TMR measured for linearly and circularly polarized light.



There may be several reasons for the observed dependence of the TMR on the pulse energy. The first reason might be the thermo heating. However, the average pulse energy was too small to cause a substantial heating. The average pulse energy was only 0.216 mW, 2.16 mW, 5.76 mW, and 17.6 mW, respectively. Our simulation by the finite-difference method estimates that the temperature increase should not exceed a few degrees. The second reason might be the voltage-dependence of the TMR. The voltage measured by the DC voltmeter was 6 mV, 38 mV, 65 mV, 153 mV, respectively. Even though the real AC voltage is larger (See Figure 5b), still the voltage is too small to cause the reduction of the TMR. The third reason might be the magnetization precession of the electrodes of the MTJ induced by the spin transfer torque. The current measured by the DC ammeter was 8, 52, 89 and 210 μA, respectively. The corresponded DC current density is calculated as 7 × 103, 4.4 × 104, 7.6 × 104 and 1.8 × 105 A/cm2. The DC current density is too small to start the magnetization precession. However, as can be seen from Figure 5b, there is a large spark of photo-current during the first ten picoseconds after the arrival of the optical pulse. This spark of photo-current may initialize the spin precession.




6. Conclusions and Perspectives


We have proposed, fabricated, and studied a high-speed non-volatile optical memory. We have demonstrated experimentally that it is possible to switch spin polarization at a very high speed. It was shown that one selected pulse from a package of two optical data pulses with the interval of 450 fs can solely excite the spin-polarized electrons without a disturbance from the unselected optical data pulse. Since the memory is designed so that only spin-polarized electrons can be recorded, it proves the feasibility of the proposed memory to record data with the rate of 2.2 Tbits/s. The fast recording speed of this memory benefits from the short electron dephasing time in semiconductors.



We have shown that an ultra-low contact resistance between a semiconductor and a nanomagnet is the critical parameter, which is required in order to achieve a high-speed injection of photo-excited electrons from a semiconductor and a nanomagnet within a time shorter than a spin lifetime. We have achieved a contact resistance as low as 30 Ohm/μm2 between a Fe nanomagnet and n-GaAs. We have demonstrated the injection of the photo-excited electrons into the nanomagnet within the time interval of 80 ps, which is shorter than the spin life time in the GaAs.



The high-speed reading can be done using the magneto-optical (MO) effect of the magnetization-dependent loss. We have demonstrated experimentally the read-out of nanomagnets of sizes larger than 1 μm with a high SNR and a high on/off ratio. However, in the case of nanomagnet diameter of 1 μm or smaller, the on/off ratio and the SNR sharply decrease. This makes difficult to use this MO read-out method for nanomagnets of a smaller size.



The problem can be resolved using a spin-injection from a nanomagnet into a gain region of an optical amplifier [17]. The spin-polarized electrons, which are injected from a nanomagnet into the amplifier, spread over a larger volume in the amplifier. This makes the effective volume of a MO material larger and the read-out easier. The read-out efficiency may be improved even more in a memory with a MTJ electrode. The resistance of the MTJ significantly changes for two opposite directions of the “free” layer due to the TMR effect. In the case when the MTJ is used as an electrode of an optical amplifier, the reversal of the magnetization may switch on/off the optical amplifier. This reading method is very effective. It provides a large SNR and a high on/off ratio for reading.



The magnetization reversal by the photo-excited electrons is the main challenge to realize high-speed recording, which yet has to be demonstrated. At present, the major obstacle for this is the degradation of magnetic properties of a nanomagnet in regions in close vicinity of the semiconductor interface. It causes a sharp decrease and vanishing of the TMR effect. At present, only the use of a thicker “free” layer, which separates the MTJ from the semiconductor interface, restores a high TMR. However, in the case a thicker “free” layer the magnetization reversal by photo-current is impossible, because it requires an unrealistically large photo current. A possible solution of this problem is the usage of a diffusion block layer at the semiconductor interface. It is critically important that the diffusion-blocking layer should not comprise the low contact resistance between a nanomagnet and a semiconductor. Finding a suitable material for the diffusion-blocking layer is a challenging task.



For the successful operation of the proposed memory all steps for recording and reading should be demonstrated and optimized in a single device. At present, only a part of these steps has been successfully demonstrated. Some efforts are still required to demonstrate the “full” operation of the memory. However, when all the present issues will be resolved, the compact, integratable, non-volatile, and ultra-high-speed optical memory may have a significant impact on many different applications.
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