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Abstract

:

Electrically detected magnetic resonance (EDMR) is a spectroscopic technique that provides information about the physical properties of materials through the detection of variations in conductivity induced by spin-dependent processes. EDMR has been widely applied to investigate thin-film semiconductor materials in which the presence of defects can induce the current limiting processes. Conventional EDMR measurements are performed on samples with a special geometry that allows the use of a typical electron paramagnetic resonance (EPR) resonator. For such measurements, it is of utmost importance that the geometry of the sample under assessment does not influence the results of the experiment. Here, we present a single-board EPR spectrometer using a chip-integrated, voltage-controlled oscillator (VCO) array as a planar microwave source, whose geometry optimally matches that of a standard EDMR sample, and which greatly facilitates electrical interfacing to the device under assessment. The probehead combined an ultrasensitive transimpedance amplifier (TIA) with a twelve-coil array, VCO-based, single-board EPR spectrometer to permit EDMR-on-a-Chip (EDMRoC) investigations. EDMRoC measurements were performed at room temperature on a thin-film hydrogenated amorphous silicon (a-Si:H) pin solar cell under dark and forward bias conditions, and the recombination current driven by the a-Si:H dangling bonds (db) was detected. These experiments serve as a proof of concept for a new generation of small and versatile spectrometers that allow in situ and operando EDMR experiments.
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1. Introduction


Electrically detected magnetic resonance (EDMR) is a powerful spectroscopic technique that has been used to investigate the current limiting processes induced by the presence of defects across several physical and chemical systems. The high sensitivity of EDMR allows the use of this technique to assess organic polymers [1,2] and semiconductor thin-film-based devices [3]. EDMR is a technique where the measured signals do not depend on the spin polarization of the paramagnetic states (as in the case of electron paramagnetic resonance, EPR) but rather on the singlet-triplet spin-permutation symmetry of the spin-pairs [4,5]. Thus, EDMR is typically preferred when investigating functioning devices and more complex structures as it ensures selectivity by only probing the spin-dependent charge carrier transitions that affect the current while exhibiting a high sensitivity via electrical detection with the ability to detect less than 100 spins [6].



Despite its high sensitivity, EDMR remains considerably underutilized for in situ and ambient condition analyses, and it is also challenging to perform coherence experiments at a high frequency (e.g., at 263 GHz) [7]. The typical EDMR experiment is based on the use of conventional EPR spectrometers, where the sample is placed inside a high-quality factor (Q) microwave resonator. This represents a limitation in the application of EDMR investigations to commercial scale devices due to the geometrical constraints imposed by the resonator (typically ~250 mm3 or less at 9 GHz). Thus, EDMR measurements cannot be conducted on samples whose volume is bigger than the accessible volume of the resonator. Instead, specific samples have to be designed that otherwise have identical optical and electrical properties, which in many cases is difficult to achieve [8,9]. Additionally, the electric field generated by the microwaves inside the resonator represents a limitation when coherence experiments via electrically detected Rabi nutations are performed due to the interaction of the electric field component of the microwaves with the sample resulting in a background signal, which is difficult to remove from the signal of interest [10]. Moreover, the challenge of assessing EDMR at high microwave frequencies (e.g., 263 GHz) is that the resonator becomes so small to the point that these experiments may only be performed in non-resonant probeheads. Similarly, the available driving microwave field also becomes very small (typically π/2 pulse lengths become as long as 2 µs) to the point that coherence experiments are no longer possible, especially in the case of silicon solar cells [11]. Recently, EDMR experiments have been successfully demonstrated by replacing the resonator with a non-resonant antenna [12,13], indicating the possibility to generate a microwave (B1) field amplitude of ≈0.1–0.12 mT at 9 GHz to detect the EDMR signal in a-Si:H samples [12], and to measure the frequency-swept and rapid scan EDMR [13].



To extend the benefits of these non-resonant EDMR applications, the aim of this work was to develop and evaluate a compact and portable spectrometer that is capable of performing EDMR measurements in thin-film photovoltaic materials by combining an EPR-on-a-Chip (EPRoC) device, which has been previously employed successfully for in situ and ambient condition EPR applications [14,15], with an ultrasensitive transimpedance amplifier (TIA) on a chip. The EDMR-on-a-Chip (EDMRoC) has been constructed to use the EPRoC to generate the B1 field required to elicit the EDMR spin-response to investigate thin-film samples relevant for these photovoltaic applications. As the EPRoC generates the B1 field using a voltage-controlled oscillator (VCO) array, the B1 field strength does not become limited at higher frequencies, thereby allowing for successful pulse measurements at 30 GHz with the perspective of using the capability of the EPRoC to generate an intense B1 field at even high frequencies (up to 4 G at 140 GHz) [16,17].



Experiments to define the capabilities of the EDMRoC were performed using an a-Si:H thin-film pin solar cell, which was designed to respect the geometrical constraints of a typical X-band resonator. This study was conducted on such a solar cell to demonstrate the effectiveness of the EDMRoC in investigating the current-limiting processes generated by the presence of the a-Si:H in the solar cell, while being in good agreement with previous EDMR studies [3]. This innovative approach serves as a proof of concept for a new generation of small and versatile spectrometers that will allow in situ, ambient, and cryogenic condition EDMR measurements while limiting the interfering background signals due to burst currents, which have been typically observed in pulsed EDMR experiments [18], and serves as a starting point for a better designed tool to perform electrically detected Rabi nutation experiments [17] at higher frequencies (e.g., at 263 GHz) [19].




2. EDMR—Fundamental Principles


EDMR is appropriate for spectroscopic applications in materials, where defects that limit the performance of specific devices, such as in solar cells and transistors, are below the detection limit of the conventional EPR [20,21]. In the case of photovoltaic devices, EDMR has been applied to investigate the nature of the defects which cause a reduction in the efficiency of solar energy conversion [22]. The bulk lifetime of minority charge carriers in solar cells is primarily determined by the mid-gap defect states located either in the bulk or at the interfaces with the selective contact layers. In the case of crystalline silicon, bulk defects are determined by impurity clusters, dislocations, and grain boundaries that are the origin of broken bonds (dangling bonds, db). Such db states are also often found at the interface of the silicon absorber with a heterojunction-contacting layer, such as a-Si:H [20,23,24]. Particularly, when the chemical potential for electrons and holes (quasi-Fermi levels) splits under charge injection, such that the neutral state of the dangling bond (db0) is predominantly occupied with respect to the non-paramagnetic-charged state (db−), the defect exhibits paramagnetic behavior, and can be observed in EPR experiments [25]. For this reason, EPR has been thoroughly employed in photovoltaics, especially in silicon devices [22,26,27], other absorber materials like CuGaSe2 [28,29], and organic materials [30,31] to obtain structural information concerning these defects and their surrounding environment.



In EPR, information, such as the number of paramagnetic defects, can be obtained by measuring the absorption of microwaves when the defects are brought into resonance through an external magnetic field B0. This process is due to the Zeeman effect, and it occurs when the sample is in a region where an oscillating field    B 1  ∝ cos   2 π ν t     perpendicular to the static magnetic field    B 0    is present. The energy of the    B 1    field is absorbed when the resonance condition is fulfilled according to:


  ν = g  μ B   B 0  / h ,  



(1)




where  ν  is the frequency and is typically in the microwave range for EPR transitions,  g  is the Landé g-factor of the paramagnetic state,    μ B    is the Bohr magneton, and  h  is the Planck’s constant [32,33]. However, the analysis of samples with a low-defect density using conventional EPR spectrometers can be challenging. One particular example is in the case of a-Si:H/c-Si [34] thin-film interfaces, where the layer thickness is just a few nanometers (~5 nm), and the density of the dangling bonds is on the order of 1017 cm−3 yielding 109 defects per square centimeter [35]. To assess such states with EPR, many samples must be stacked, which results in poor signal-to-noise ratios (SNRs), and cannot be directly observed in operando in a HIT c-Si solar cell [24]. Thus, the number of defects is below the typical spin sensitivity of commercial EPR instruments (≈1010 spins/    Hz    ) for operando measurements [36]. Therefore, the high sensitivity of EDMR, which approaches single-spin detection [6], allows for the analysis of defects in PV devices with thin-film contact systems. Moreover, the paramagnetic states probed in such an EDMR experiment are those that are directly involved in the spin-dependent transitions of the charge carriers, making EDMR more selective than EPR for investigating the spin-dependent, current limiting recombination processes [22], and allows for further insights into the dynamics of the device being assessed [37].



Most EDMR results are interpreted using the model proposed by Kaplan, Solomon, and Mott (KSM) [38], which states that the interaction between the charge carriers that contribute to electrical transport and the spin species occupying defect states occurs via the formation of weakly coupled spin pairs. The spin Hamiltonian describing the spin pair between spins A and B, with SA = SB = ½, may be expressed in the following way:


   H 0  =    μ B   ℏ   g A    S ^   A     ·     B →  0  +    μ B   ℏ   g B    S ^   B     ·     B →  0  −  J   ℏ 2        S ^   A     ·     S ^   B     −  D   ℏ 2      3    S A z   S B z  −   S ^   A     ·     S ^   B        



(2)




where the first two terms are the Zeeman interaction of the two spins with the magnetic field, the third term represents the electron–electron exchange, and the fourth term represents the dipolar coupling. If the electron–electron coupling is weak (    J − D   ≪    g A  −  g B     μ B   B 0  ℏ )  , the eigenstates of the diagonalized Hamiltonian are:   | 1 ⟩ = | ↑ ↑ ⟩  ,   | 4 ⟩ = | ↓ ↓ ⟩  , which are either pure triplet states, as in   | 1 ⟩   and   | 4 ⟩  , or have the properties of both singlet and triplet states, as in   | 2 ⟩   and   | 3 ⟩  . Further explanations regarding the formation, dissociation, and recombination, as well as the dynamics of the spin pair can be found in [39]. A schematic of the microwave-induced spin pair mechanism in a-Si:H pin solar cells is depicted in Figure 1a. In the presence of the external magnetic field B0, the spin pairs can be either in an antiparallel (  | 2 ⟩  ,    | 3 ⟩  ) or parallel configuration (  | 1 ⟩  ,   | 4 ⟩  ). This configuration is then manipulated by applying an oscillating magnetic field,    B 1   , causing the flip of the spin of the spin pair when the conditions in Equation (1) are met, as shown in Figure 1b. In Figure 1c, an energy level diagram is shown of the four eigenstate spin pair Hamiltonian (Equation (2)), where their dynamics are described by the generation rate, G, the recombination probability, r, the dissociation probability of the spin pair, d, the matrix density,    ρ  i i    , and the spin–spin relaxation rate,    T 2  − 1    . More information concerning this description may be found in [4,37]. Through the dissociation of the spin pair, the trapped electron that forms the spin pair with e.g., a defect state, can be remitted into the conduction band of the semiconductor. This reemission process from the trapped state of the electron has a rate, d, and is thermally activated. At elevated temperatures, it is this emission rate that determines the spin coherence time of the spin pair.



When the density of the trapped spin pairs is altered by EPR, the rate of recombination, which involves a hole from the valence band (see Figure 1b,c), can be altered, and could be monitored as a change in the concentration of free charge carriers in the conduction and valence bands via the change in the sample conductivity observed as a change in the current. Depending on how the recombination alters the charge carrier concentration, the current change induced by a resonant microwave can be either negative or positive [25]. In Figure 1d, the splitting of the energy levels between the spins of the spin pairs induced by the magnetic field B0 is shown. Since the spin flip of both spin-pair partners alters the recombination probability, both spin partners thereby appear in the EDMR spectrum (Figure 1c,d). The g value difference and the coupling strength between the two spin pair partners will then determine the overall EDMR spectrum. In Figure 1, weak spin coupling has been assumed. The absorption of microwaves enables the flipping of the spin and induces a change in the sample current, which is then recorded as the EDMR spectrum. As the change in the density of the trapped spin pairs is proportional to the spin flip rate, and is hence proportional to the microwave field (B1) strength, EDMR experiments are typically performed at a high microwave power [11,40].



EDMR has been widely used to assess the transport and recombination mechanisms in a-Si:H pin solar cells [3,11,41,42,43]. In the frame of this work, an a-Si:H pin solar cell was used as a test sample to determine the applicability of the EDMRoC. Herein, we report some of the mechanisms investigated by EDMR. In the case of the a-Si:H pin solar cell under forward bias, the dark current is driven by recombination processes through the dangling bonds in the intrinsic layer. The EDMR signal can be described according to:


    Δ  I d     I d    =    I d     s  d  b 0   *    −  I d     s  d  b 0         I d     s  d  b 0         



(3)




where    I d    is the dark current,    I d     s  d  b 0   *      and    I d     s  d  b 0        are the dark current both in and out of EPR resonance with the dangling bonds, respectively, and    s  d  b 0      is the direct capture cross-section of the neutral state dangling bonds, which are assumed to be spin dependent (see [44] for more details). In this case, the enhancement of the trapping rate of the defects through the above-described EDMR effect can lead to both positive and negative enhancements of the current depending on the biasing conditions of the solar cell [3]. In Figure 2a, the derivative of the experimentally observed EDMR signal is given for three different values of bias voltage, Vbias. Notably, only one line was observed in the EDMR spectrum in Figure 2 since the line broadening due to the disorder in the a-Si:H matrix, and because the g value difference between the trapped electron (g = 2.0044) and that of the gdb = 2.0055 was too small. When Vbias = 0.8 V, an enhancement mechanism (E) was depicted by the positive EDMR signal. When Vbias = 1.2 V, the EDMR signal was negative depicting a quenching mechanism (Q). The turnover from E to Q is very sensitive to the defect concentration and its spatial distribution in the intrinsic absorber layer of the solar cell [44], and typically occurs for a critical voltage Vc around 0.8–1 V. For   0 <  V  b i a s   <  V c   , the dark current is driven by recombination in the bulk (recombination current). In this regime, the carriers that are injected from the doped layers diffuse against the internal field, and since the diffusion length is shorter than the width of the intrinsic layer, most of the charge carriers recombine via dangling bonds within the absorber. Thus, the spin flipping induced by the microwave absorption during the EDMR experiment increases the recombination rate via neutral dangling bonds, resulting in an increase in the diffusion current and a positive EDMR signal. The potential profile of the a-Si:H pin solar cell with the simulation of the quasi-Fermi levels for Vbias = 0.8 V and Vbias =1.2 V is shown in Figure 2b. For Vbias = 0.8 V, the quasi-Fermi levels are nearly horizontal and not parallel to the respective bands, which is very typical for diffusion currents [45]. When    V  b i a s   >  V c   , the internal field of the solar cell is reversed, Efp and Efn are parallel to the respective bands, and the charge transport is now primarily by drift. In this case, the EPR-induced recombination increases the series resistance of the device, which leads to a reduction in the dark current, and consequently a quenching signal is observed, resulting in a negative EDMR signal [42]. This is well supported by the simulations shown in Figure 2c, where the tilting of the quasi-Fermi levels describe the typical case of current drift [45]. This very typical behavior of the EDMR signal can be simulated with a conventional device simulator, assuming that the cross-capture section of the charge carrier trapping is altered by the EPR transition within the spin pair [43,46].




3. Materials and Methods


3.1. Sample Preparation


In order to place the pin solar cell into the standard resonator of an X-band EPR spectrometer (Bruker Biospin, Germany), a special cell design is needed. In Figure 3a, the layer structure of the a-Si:H pin solar cell [8,47] used for the EDMR experiments is shown. The operating principles of a-Si:H pin solar cells may be found in detail in [48]. The fabrication process was performed in multiple steps and the layers were deposited sequentially on top of each other. The aluminum-doped zinc-oxide (AZO) layer was deposited via magnetron sputtering onto the glass substrate (100 cm2, 0.55 mm thick). The a-Si:H absorber, as well as the two µc-Si:H electrical contacts were deposited via radio-frequency plasma-enhanced chemical vapor deposition (RF-PECVD). The indium tin-oxide (ITO) layer was also deposited via magnetron sputtering. The structuring of each layer of the solar cell was then performed by the means of three consecutive photolithography and etching steps after applying a photoresistive mask. The metallization comprised the final step of the fabrication process. A layer of aluminum was deposited via thermal evaporation onto the ITO contact that serves as both a back mirror and the low resistivity layer which reduces the series resistance losses. Finally, the as-fabricated device was cut with a dicing saw (DISCO DAD3220, Japan) into small sections (40 mm by 1.1 mm) to permit their placement into the EPR resonator. The photolithographic fabrication method was preferred among other fabrication processes, such as laser scribing used to produce similar samples [9], as it produced less defects at the edge of the samples. The absorber is a 1 µm intrinsic a-Si:H layer. The optimal thickness of the intrinsic absorber in a-Si:H pin solar cells is around 150–300 nm [49], but a larger i-layer width increases the EDMR signal intensity, resulting in a greater SNR of the EDMR signal to allow for a better evaluation of the EDMRoC for PV research. The pin solar cell was deposited with an as large as possible intrinsic layer thickness, so that for a large forward bias (   V  b i a s   >  V c   ) the maximum intensity of the EDMR signal can be obtained. In this way, the sample may be considered as a bulk a-Si:H sample with optimal “ohmic type” contacts that allows for very high current densities and stable contact configurations. The 20 nm n-doped µc-Si:H and 32 nm p-doped µc-Si:H layers form the electrical contacts which ensure charge carrier separation and thereby allow for current extraction. The µc-Si:H was used as the electrical contacts since the EDMR signals resulting from µc-Si:H can easily be differentiated from those resulting from a-Si:H, and can subsequently be easily removed from the spectrum at a low T. At RT, the µc-Si:H layer does not show a signal [46]. This decision was made based on results reported in [11,46], where a minimal influence on the recorded EDMR signal at room temperature was observed, confirming that the EDMR signal originated from the absorber. Special concerns were dedicated to the design of the metal contacts to minimize the distortion of the microwave radiation inside the resonator induced by the metal. When the thickness of the contact layers is comparable to the skin depth of the microwaves (~1 µm for Al at ~9 GHz), the presence of metal can lead to B1 field inhomogeneity and attenuation due to dielectric loss [50]. The front contact is composed of an 800 nm thick layer of transparent (in the visible part of the solar spectrum) and electrically conductive AZO (~14 µm for Al at ~9 GHz), while the back contact is composed of a 200 nm light-reflective aluminum deposited onto a layer of 80 nm of ITO. The active area of the solar cell is 1.26 mm2 (1.8 mm × 0.7 mm). These layers were deposited onto a 0.55 mm thick glass substrate and the contacts were formulated into long pads (Figure 3b) to permit electrical connections of the solar cell to monitor the current for EDMR detection [46].




3.2. EDMR-on-a-Chip


The EDMRoC is a combination of an injection-locked VCO-array EPRoC, which is used to generate the B1 field [51], and a transimpedance amplifier on a chip, which is used to monitor the EDMR signal [52]. Photographs of the EDMRoC, VCO array, and TIA are shown in Figure 4a–c. The printed circuit board (PCB) was designed to be compact in size (11 cm × 6 cm) for use with equally compact permanent magnets in the future. For proof of principle, a conventional Bruker B-E 25 electromagnet was used. The EPRoC, consisting of 12 phase-synchronized VCOs and a chain of frequency dividers to readout the VCO frequency (Figure 3b), was bonded directly onto the top of the PCB and a reference frequency was supplied to the chip using an adjustable microwave signal generator (Rohde & Schwarz SMB100B, Germany). The VCO array was designed to oscillate at 13.44 GHz. The B1 field was generated by the 12-VCO array with the magnetic field being perpendicular to the chip’s surface. The voltage was supplied to the PCB using a programmable voltage source (Keithley 230, USA). The intensity of B1 was varied by changing the current, IVCO, in the coils using the potentiometer placed on the PCB. The design of the a-Si:H pin solar cell used to perform the experiments is shown in Figure 2. The cell was placed with the top Al contact facing the VCO array. The front and back electrical contacts of the solar cell shown in Figure 3b were extended to the outside of the solar cell through the AZO layer and were connected to the metal traces of the transimpedance amplifier (TIA, Figure 4a) using silver paste. A bias voltage, Vbias, was applied across the solar cell using a variable power supply (RND 320-KA3305P, Switzerland). The dynamic range of the detectable DC current in the solar cell was varied by selecting different resistance values (20 kΩ, 100 kΩ, and 1 MΩ, respectively) and was monitored using a digital multimeter (SMI970 QUAD DVM). The EDMR signal was then detected by measuring the AC current output of the TIA using a lock-in amplifier (Anfatec eLockIn 203, Germany) and a 10 kHz modulation. The transimpedance amplifier is typically used to convert and amplify the input current (Iin) to an output voltage (Vout) proportional to the resistance of the circuit via a feedback resistor Rf using an operational amplifier with a sufficiently high input impedance to dictate the current flow through the Rf. Therefore, changing the value of the resistance via Rf increases Vout such that Rf = Vout/Iin, where Rf in the onboard TIA was 1.2 MΩ. The design and electrical properties of the onboard TIA used in this work may be found in [52]. In Figure 4d, a block diagram of the EDMRoC spectrometer is shown. Figure 5a–c show a schematic of the a-Si:H pin solar cell placed both on top of the EPRoC and inside the resonator. The rectangular boxes represent the glass substrate covered by a thin lacquer (shown in red), where the active area of the solar cell (shown in orange) covers the entire array’s surface. The twelve octagons represent the coils of the chip where the B1 field is generated perpendicular to each coil. In Figure 5b, a side view of the solar cell placed on top of the chip depicts the interaction of the B1 field with the PV-active area of the solar cell, thereby alleviating the geometrical constraints imposed using a conventional spectrometer for EDMR measurements, as outlined previously. In principle, any solar cell of an arbitrary shape may be placed on top of the EDMRoC VCO array to perform EDMR measurements, provided that the chip–PCB surface is sufficiently flat. This can be accomplished using through-silicon VIAS, which would permit the removal of the bonding wires from the chip and will be the focus of the next generation EDMRoC devices.



In Figure 5c, a schematic of the solar cell placed in a conventional EPR resonator is shown. The microwave radiation generated by the microwave bridge of the EPR spectrometer is coupled to the resonator. In this implementation, the B1 field excites the entire active area of the solar cell homogeneously. Resonators designed to perform continuous wave EPR are typically constructed to maximize the Q-factor while providing spatial separation between the microwave magnetic field B1 and the microwave electric field E1. However, the sample may extend into the electric field if it is not properly placed inside the cavity, decreasing the Q-factor and inducing heating effects as a result. In the case of the EDMR samples, the metal contacts that are used to extract the EDMR signal may act as microstrip-like resonators, thereby increasing the field strength in the sample [53]. This can, in some cases, enhance the current in the sample, resulting in a reduced signal-to-noise ratio of the EDMR spectrum [10]. A thorough description of the conventional EDMR experimental configuration may be found in [37]. One of the advantages of the EDMRoC is that the electric field does not interfere with the sample [54]. Due to the characteristic power saturation behavior of the EDMR signal, the EDMRoC can be designed to produce high intensities of B1 from 380 µT and beyond to further increase the signal amplitude even at very high microwave frequencies (e.g., >100 GHz) [16,55]. The Bruker Elexsys E780 263 GHz EPR spectrometer has a very limited sample space (~0.2 mm inner diameter sample tubes) when using the TE011 resonator, and is too small for pin solar cells [56]. Thus, EDMR experiments at high frequencies are typically performed using a non-resonant probehead, which has similar size constraints of an EPR resonator, but suffers from a greatly reduced Q-factor. Moreover, for pulse EDMR experiments, the Bruker 263 GHz system is limited by the maximum B1 amplitude of 10 µT, which corresponds to a π-pulse length of ~2 µs, and represents a limitation for pulsed-EDMR experiments on samples with short relaxation times, especially when considering electron-spin echo-envelope modulation (ESEEM) experiments, for which the nuclear Larmor frequency for 29Si ≈ 80 MHz at 9.4 T [7]. The high intensity B1 possible with the VCO array design is especially advantageous for EDMR experiments at higher frequencies. Previous results using EPRoC technologies [16] show the possibility to generate 40 µT B1 fields at 140 GHz. Further developments will allow electrically detected Rabi nutation experiments [17] at higher frequencies using an EDMRoC at 263 GHz [19].




3.3. EDMRoC Measurements


To perform EDMRoC measurements, the solar cell was interfaced to the TIA by adhering the electrical contacts to the metal traces of the PCB using a thin layer of silver paste (G 302 PLANO GmbH, Germany). The back contact of the solar cell was placed directly onto the VCO array in such a way that it covered all 12 coils of the array while minimizing the distance between the array and the solar cell. The surface of the array is electrically isolated against the back contact of the cell. As the spin-flip induced current change is detected instead of the relaxation-determined EPR signal during the experiment, saturation due to excess microwave B1 is typically not observed, such that the maximum obtainable B1 may be used during EDMRoC measurements. The VCO array was designed to oscillate at a constant frequency (13.44 GHz) while varying the magnetic field; therefore, the EDMRoC experiments presented herein were performed by the means of continuous wave (CW) experiments, sweeping the magnetic field from 490 mT to 505 mT in 0.1 mT steps, respectively, while recording the signal intensity at each step. To reduce the 1/f noise and to maximize the resulting EDMR signal, a modulation frequency of 10 kHz was used in the experiments reported [57]. A frequency deviation,    f  d e v    , of 9.0 MHz was used, which allowed for the integration of the detected signal over a bandwidth that was equivalent to a ~0.3 mT magnetic field modulation in a typical EPR experiment. The signal was recorded using a lock-in amplifier (Anfatec eLockIn 203, Germany) and a time constant τ = 50 ms. For each presented spectrum, a total of 10,000 field sweeps were recorded. The acquisition time for each scan was around 7.5 s. The EDMR signal was acquired for different forward Vbias in dark conditions. The current–voltage (I–V) response curve of the solar cell was recorded under dark conditions measuring the DC current output using a digital multimeter (SMI970 QUAD DVM), which was then used to determine the approximate conditions under which the solar cell was operating during the EDMR measurements.



EDMRoC principally allows for frequency sweeps instead of magnetic field sweeps, which enables the use of a permanent magnet during the experiment. The herein reported chip has this capability; however, due to excessive phase noise an EDMR signal with a sufficiently high SNR was not observed. In the next generation EDMRoC, this feature will be further explored. EDMR measurements were also performed using a commercial Bruker Elexsys E580 X-band EPR spectrometer for comparison. The solar cell was connected to an external TIA (Elektronik-Manufaktur Mahlsdorf, Germany) and was inserted inside a dielectric resonator (Bruker ER4118X-MD5-W1, Germany). Spectra were recorded using a 10 kHz modulation frequency, a 0.3 mT magnetic field modulation, a 20.48 ms lock-in amplifier time constant, and a 40.96 ms conversion time. The presented spectra were recorded using 10 field sweeps and 150 kΩ Rf in the external TIA. The results of the measurements performed using the conventional spectrometer were used as a reference for comparison with the results obtained using the EDMRoC. The B1 field intensity inside the resonator was around 20 µT, and was similar to the intensity of the B1 field generated about the EPRoC surface [15]. The spectral simulations and least-squares fitting of the data were performed using the pepper function for simulating powder-averaged spectra and the esfit function, respectively, provided by the EasySpin library [58].





4. Results


The I–V curve of the solar cell was recorded while varying the Vbias in dark conditions with the microwaves on and off (Figure 6). It may be observed that the dark current increases when the microwaves are switched on when using the EDMRoC device, while when measuring with the conventional spectrometer the I–V curves were observed to be independent of both the microwaves and the external magnetic field. This effect may be either attributed to (i) an increase in the solar cell temperature due to resistive heating induced by the high current present in the EDMRoC coils, or (ii) to an unknown electric field effect due to the presence of the E-field that typically occurs in conventional EDMR experiments in a resonator. Case (i) is more likely, because in the absence of an active cooling system, the heat produced at high-bias currents in the coil is not properly dissipated, and consequently, the solar cell is heated via radiative heating by the VCO array during the EDMR measurements. This effect can be easily modelled since the temperature dependence of the I–V curve has been well established. The I–V curve in the dark state corresponds to a diode, and it may be modelled as follows [48,59]:


  J =  J 0     e   q  n    k b    T        V  b i a s     −  R s    J     − 1    



(4)




where J0 is the dark saturation current, q is the elementary charge, kb is the Boltzmann constant, n is the diode ideality factor, T is the temperature, and Rs is the series resistance, which is primarily influenced by the metal contacts of the cell. The ideality factor reflects the recombination-determined behavior of the solar cell with respect to an ideal diode.



The previously described relationship (Equation (4)) was rearranged to express Vbias as a function of the current density, J, in order to perform a fit to the experimental data:


   V  b i a s   =  1 α  log    J   J 0    − 1   +  R s    J    



(5)




where   α =  q  n    k b    T    . In this form, the values of n, T, J0, and Rs can be directly determined. To ensure the best global fit, the linear terms (α and Rs) and the non-linear term (J0) of Equation (5) were fit separately using a non-linear least-squares algorithm (lsqnonlin, MATLAB, Mathworks, USA). To prevent the over parametrization of the fitting routine, the data were first fit via the I–V curve recorded without the bias current applied to the VCO array such that the microwaves, and therefore the B1 field, were not present. In this way, the temperature parameter was kept constant at T = 25 °C, and the ideality factor n = 2.12 was determined empirically. The I–V curve was then recorded during the EDMR measurements with microwaves present at the maximum B1 obtainable and was subsequently fit using the routine established in the absence of microwaves (see Figure 6), such that the values of the dark saturation current J0, the series resistance Rs, and the temperature T were estimated while keeping n constant at the previously estimated value. The results of this analysis were as follows: Rs = 8 Ω cm2, J0= 8 × 10−9 mA/cm2, and T = 63 °C. The good agreement with the experimental data suggests that the excess heating due to the lack of an active cooling system was the most likely cause of the microwave-induced change observed in the I–V curve.



In Figure 7, the results of the EDMR measurements for Vbias = 1.2 V are shown. In Figure 7a, the black curve represents the experimental result measured using the resonator-based conventional X-band EPR spectrometer. It has been previously reported in the literature that for values of Vbias large enough to reverse the direction of the electric field present in the intrinsic layer, the EDMR signal results from quenching processes [43], as explained above. The line-shape of the recorded spectrum exhibits an asymmetry in the low-field region due to the presence of contributions from both the dangling bond (averaged gdb = 2.0055) and the valence band tail (VBT) (gVBT = 2.01) signals, as previously reported [3]. A thorough analysis of the nature of the dangling bond in amorphous silicon has been performed via multifrequency EPR, and is reported in [60]. As shown in [23], the EDMR signal from these db states can be well fitted using a rhombic g tensor (with gdb = [2.0079 2.0061 2.0034]) and disorder-induced terms (the so called g-strain), gdb-strain = [0.0054 0.0022 0.0018])). Note that it is at present not clear for why the CBT-db spin pair has a g tensor which resembles that of a dangling bond.



The interaction with the low concentration of 29Si results in an axially symmetric hyperfine tensor values, A = [151 151 269], in MHz. The VBT are considered with the addition of an isotropic line with gVBT and ΔHpp,VBT. The intensities of these two components, the linewidth (ΔHpp), the gVBT, and the weight (w) of the dangling bonds and VBT contributions were obtained by fitting. The results were as follows: gVBT = 2.0089(1), ΔHpp,db = 1.21(4) mT, ΔHpp,VBT = 0.913(3) mT, wVBT = 0.6(1), and wdb = 0.4(1). These results are in agreement with previous analyses performed on similar samples, although the weight of the VBT contribution is a factor of three greater than what has been reported in the literature [11]. This discrepancy can be attributed to differences in the thickness of the intrinsic layer of the sample reported herein, which was around three times larger than the samples reported previously [11,41], and hence the overall contribution from the trapping processes close to the p–i interface may be more dominant compared to other cases [44].



Figure 7b shows the EDMR measurement performed using the EDMRoC with the TIA on a chip. For these data, a simulation was performed using the same fitting parameters as obtained from the data in Figure 7a and was then linearly scaled to the experimentally obtained signal intensities. After consideration of the differences in the SNR, the line-shapes from both measurements were found to be in agreement.




5. Discussion


From Figure 7, it could be perceived that the EDMRoC is well suited for structure-determining the EDMR experiments in solar cells; however, the SNR was significantly reduced in the EDMRoC-obtained data by over an order of magnitude compared to the conventional EDMR. For the comparison between these two measurements, two parameters were considered; the integrated current change over the magnetic field,   Δ  I d   , normalized to the overall current, Id, and the SNR. The variation of the current, ΔId, due to the microwave radiation was calculated according to the following formula:


   Δ   I d  =  I d  ·    V  o u t      R f     



(6)




where Id is the DC dark current of the solar cell, Vout is the voltage output from the lock-in amplifier, and Rf is the resistance that defines the amplification factor of the TIA. The ratio between the obtained value         Δ  I d       I d        E l e x s y s     and         Δ  I d       I d        E D M R o C     is approximately 30. This difference may be attributed to two factors; the decreased active area of the solar cell that is accessible by the B1 field of the EDMRoC, and the increased temperature of the solar cell due to radiative heating from the VCO array during the EDMRoC experiments. As shown in Figure 5, the B1 field generated by the VCO array in the EDMRoC does not excite the entire active area of the solar cell; however, in the commercial EPR resonator, the B1 field penetrates the entire area (1.26 mm2) of the solar cell, such that the ratio of active areas (   A  E D M R o C   /  A  E l e x s y s   ≈   0.3 )   results in a decrease in the EDMRoC signal intensity by approximately the same ratio. As the current in the device generates additional noise, it is increasingly important that the B1 field penetrates the entire device, such that the EDMR signal intensity is greater than the integrated current noise in the device. Moreover, insufficient heat dissipation in the EDMRoC at higher temperatures (TC ≈ 63 °C = 336 K) compared to the conventional spectrometer (TE ≈ 29 °C = 302 K) further reduces the signal intensity observed due to the increased probability that the electron trapped in the vicinity of the midgap dangling bond is reemitted to the conduction band [61]. Enhancements in the spin pair dissociation rate, d, results in a decrease in the EDMR signal intensity as ΔI/I∝1/d [62]. Hence, at higher temperatures, ΔI/I decreases proportionally to the Boltzmann factor    e    Δ E    k b  T      , where ΔE is the activation energy for the thermal emission of the CBT electron to the conduction band (see Figure 1a,b). It has been assumed that the trapped state of the CBT electron is within a single energy level in the bandgap of a-Si-H. To determine ΔE empirically, temperature-dependent EDMR measurements were performed using the conventional spectrometer and a cavity resonator which was designed for experiments at elevated temperatures (Bruker ER4114HT and BVT3000 controller/BVTB3500 heater) and are shown in Figure 8.



Considering both the reduced accessible area and the increased temperature of the solar cell, the expected EDMRoC signal       Δ I / I     E M D R o C  *    may be estimated as:


          Δ I  I     *    E D M R o C   =       Δ I  I      E l e x s y s   ·  1  Δ r     ·    A  E D M R o C      A  E l e x s y s      



(7)




where the temperature of the solar cell with (Ton) and without (Toff) microwaves results in a decrease in the signal intensity according to   Δ r ≈  e    Δ E    k b       1   T  o f f     −  1   T  o n          .



As   Δ r   is determined by the activation energy,   Δ E  , the dependence of the EDMR signal on temperature was measured between room temperature and 335 K (Figure 8) to determine the activation energy of the spin-dependent recombination processes according to the Arrhenius formula:


  ln     Δ I  I    = ln A +   Δ E    k b  T      



(8)




where ΔE is the activation energy of the spin pair CBT electron emission into the conduction band, ln(A) is the natural logarithm of the pre-exponential factor of the Arrhenius relation, kb is the Boltzmann constant, and T is the temperature. After performing a linear fit to the logarithmically expressed experimental data, the activation energy,   Δ E ≈ 0.4 ± 0.1   eV  , and the natural logarithm of the pre-exponential factor, ln(A) = −15.4 ± 0.5, were obtained. The activation energy of about 0.4–0.5 eV was expected for deep trapping at a defect in the conduction band tail. With   Δ E = 0.4   eV  , a value of   Δ r = 4.7   was obtained, which is in agreement with what has been obtained experimentally (  Δ r = 7  ).



The SNR was calculated as the peak-to-peak intensity of the recorded signal divided by the standard deviation of the noise and was normalized to the square root of the number of recorded field sweeps, resulting in an observed SNR ratio     S N  R  E l e x s y s     S N  R  E D M R o C     ≈ 340  . As the ΔId/Id obtained with the EDMRoC is a factor of 30 less than that obtained using the Elexsys spectrometer, the noise in the EDMRoC measurements was therefore approximately a factor of 10 greater than that obtained using the Elexsys spectrometer. This increase may be attributed to the additional shot noise present in the solar cell when it was placed on the EDMRoC, and was further supported by the decrease in the SNR observed in the conventional resonator (    S N  R  T = 302   K     S N  R  T = 336   K     ≈ 12  ) with respect to the increased temperature [52,63]. It was observed when performing the EDMRoC measurements using an EPRoC with thermal dissipation via direct contact with the copper substrate contained within the PCB and an external homebuilt TIA that the SNR was increased by a factor of two, demonstrating the potential improvements to the noise floor by decreasing the temperature of the VCO array (data not shown). As the EDMRoC and the TIA on the chip are confined to a single PCB, the increased noise may be reduced by placing the EDMRoC and the TIA on the chip in a cryostat to perform measurements where the sample and the device are both cooled to cryogenic temperatures [64].



In summary, we were able to demonstrate that the EDMRoC can detect the EDMR signal associated with recombination through bulk dangling-bond defects in the intrinsic absorber layer of a-Si:H pin solar cells. The discrepancy between the SNR obtained with the EDMRoC and the resonator-based conventional spectrometer may be ascribed to the smaller excitation volume of the EDMRoC and the elevated temperature of the solar cell due to the lack of an adequate thermal dissipation in the VCO array of the EDMRoC sensor. In the next generation of the EDMRoC spectrometer, larger VCO arrays and thermal dissipation via active cooling circuits, as well as improvements to the thermal stability and the noise floor, combined with additional and variable Rf values in the onboard TIA will result in a more versatile device with a greater performance with respect to the SNR and a significantly improved applicability for thin-film photovoltaic investigations [65].




6. Conclusions and Outlook


We have successfully demonstrated a proof of concept for applying an EDMRoC to characterize thin-film solar cells. It was shown that the combination of a VCO array and an onboard TIA may be used to perform I–V and EDMR measurements. As the EDMRoC is a single-board system, the noise in the TIA will be greatly reduced when cryogenically cooling the sample, thereby enhancing the overall SNR of the EDMRoC signal. The herein reported prototype EDMRoC does not fit into a standard cryostat; however, this will be the subject of future investigations, as the device progresses beyond the current form factor limitations. Furthermore, the EDMRoC potentially also allows for EDMR experiments using frequency sweeps instead of field sweeps and in combination with a permanent magnet, will yield a compact and portable EDMRoC spectrometer [15,66]. Increasing both the size and the number of coils in the VCO array will allow for conducting investigations in samples with arbitrary geometries of increasingly larger volumes where the signal intensity is expected to increase linearly with increases in the active volume of the B1 field, as long as the large filling factor of the EDMRoC is preserved. This is especially beneficial for small samples, such as thin films and nanodevices, as the VCO array may be tailored to the device under investigation such that the filling factor is maximized with respect to the device. The EDMRoC represents an innovative and promising spectrometer that is both inexpensive and very versatile in performing in situ and operando analyses on thin-film materials and devices. However, heat dissipation and increased phase stability when performing frequency sweeps will be necessary to realize these applications.



Though the experiments demonstrated in this report were all recorded via CW microwave irradiation, it has been previously demonstrated that the underlying dynamics that contribute to the fundamental radical pair mechanisms present in both silicon solar cells and organic solar cells are better investigated by pulsed microwave EDMR techniques [37,67]. Recently, an EPR-on-a-chip device operating at 30.4 GHz successfully demonstrated pulsed EPR measurements through recording the resulting Rabi oscillations following microwave excitation [17]. This is extremely enticing for the future generation of EDMRoC spectrometers and would greatly increase the utility of the device for detecting the different contributions to radical pairing, while also likely improving the SNR of the spectrometer overall. More recently, an EPRoC sensor capable of operating at 263 GHz has been presented to enable the access to pulsed EDMRoC experiments at higher frequencies, where B0 fields are in the range of 9.4 T [19]. Additionally, EPRoC technologies are currently being developed to access frequencies as high as 780 GHz within the framework of the DFG priority program INTEREST. The EDMRoC is at the threshold of becoming a mature spectroscopy such that EDMR investigations may be accessed at very low investment costs, provided that the above-mentioned restrictions can be solved in the near future.
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Figure 1. (a) Spin-dependent recombination processes through defect states in the forward-bias dark current of an a-Si:H pin solar cell, where only the intrinsic (i) layer is shown. The free charge carriers (electrons, blue filled circles, and holes, red filled circles) are injected into the device (1) through the selective p- and n-doped contacts (not shown) under forward-bias conditions. The electrons from the conduction band are trapped (2) in localized conduction band tail (cbt) states (blue filled circles with arrow) such that their spin relaxation time becomes so long that they can form spin pairs with nearby db0 (3). The resulting cbt-db0 spin pair can either be in a parallel or antiparallel configuration (4 and 5, respectively). In the parallel spin pair configuration (4), transitions between the two defects states are inhibited due to the Pauli exclusion principle. Due to the fact that the lifetime of states   | ↑ ↑ ⟩   is longer compared to   | ↑ ↓ ⟩    , we electrically pumped the   | ↑ ↑ ⟩     state concentration and reduced the   | ↑ ↓ ⟩   concentration (EDMR effect, as explained by the KSM model [38]). (b) When an external microwave radiation satisfies the paramagnetic resonance condition, the spin pair configuration may be inverted into an antiparallel configuration, thereby allowing electron capture to occur. After charge capture, the defect is in a diamagnetic, doubly occupied state (db−), such that the hole capture (6) that follows is spin-independent. (c) Illustration of the spin-dependent recombination at a deep level state according to the KSM model (see text; adapted from Ref. [11]). The recombination in the magnetic field B0 of the electrons (blue filled circles) with the holes (red filled circles) can occur via the formation of intermediate spin pairs, which can be found in any of the four eigenstates where   | 1 ⟩ = | ↑ ↑ ⟩   and   | 4 ⟩ = | ↓ ↓ ⟩   are pure triplet states, while   | 2 ⟩   and   | 3 ⟩   have both singlet and triplet properties instead. The dynamics of the spin pair is described by the probability of generation, G, dissociation, d, spin-dependent recombination rate, ri, and spin–spin relaxation rate,    T 2  − 1    . There are four possible transitions from   | 2 ⟩   to   | 1 ⟩   (blue), and from   | 3 ⟩   to   | 4 ⟩   (pink). The thicker arrows indicate higher transition probabilities. Adapted with permission from Ref. [4]. (d) When the spins are placed in a magnetic field B0, their previously degenerate energy levels are now separated due to the Zeeman effect. The external microwaves can flip one of two spins, inducing a Pauli-allowed transition, resulting in a reduction in the   | 1 ⟩  ,   | 4 ⟩   state density, leading to a decrease in the electron lifetime, which has been observed as a change in the conductivity of the sample. Since both spin pair partners can be flipped, the EDMR signal must consist of contributions from both spins with an equal probability, and therefore the integral of the EDMR signal is identical [4]. 
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Figure 2. (a) Derivative EDMR spectra of an a-Si:H pin solar cell recorded in the dark under different forward-biasing Vbias conditions. When Vbias < Vc = 1.0 V, the EDMR signal is positive (enhancing signal, E). When Vbias > Vc the EDMR signal is negative due to a quenching (Q) process. (b) Simulation of the band structure within the a-Si:H pin solar cell showing the quasi-Fermi levels Efn and Efp for Vbias = 0.8 V. The bandgap of the p and n contacts is 1.1 eV, and the bandgap of the a-Si:H is 1.6 eV. Note that the selective p and n contacts are composed of µc-Si:H and have a bandgap of 1.1 eV. (c) Simulation of the band structure showing the quasi-Fermi level for Vbias = 1.2 V. 






Figure 2. (a) Derivative EDMR spectra of an a-Si:H pin solar cell recorded in the dark under different forward-biasing Vbias conditions. When Vbias < Vc = 1.0 V, the EDMR signal is positive (enhancing signal, E). When Vbias > Vc the EDMR signal is negative due to a quenching (Q) process. (b) Simulation of the band structure within the a-Si:H pin solar cell showing the quasi-Fermi levels Efn and Efp for Vbias = 0.8 V. The bandgap of the p and n contacts is 1.1 eV, and the bandgap of the a-Si:H is 1.6 eV. Note that the selective p and n contacts are composed of µc-Si:H and have a bandgap of 1.1 eV. (c) Simulation of the band structure showing the quasi-Fermi level for Vbias = 1.2 V.



[image: Magnetochemistry 09 00183 g002]







[image: Magnetochemistry 09 00183 g003 550] 





Figure 3. (a) Schematic of the layer structure of the pin solar cell used in the EDMRoC experiments (not to scale) with the direction of light entering the device shown in yellow. The light absorber comprises an a-Si:H layer (1000 nm), and the two selective electrical contacts are formed by an n-doped µc-Si:H layer (20 nm) and a p-doped µc-Si:H layer (32 nm). The front contact is composed of AZO (800 nm) and the back contact is composed of an aluminum layer (200 nm) deposited on ITO (80 nm). A lacquer is used as an insulation layer separating the front and back contacts. (b) Three-dimensional model view of the pin solar cell. The sizes of the glass substrate are 40 mm × 1.1 mm. The surface of the active area is 1.26 mm2. Two electrical contacts extend along the entire length of the glass substrate. The dashed line represents the connection of the top contact to the aluminum layer. The contacts are 0.3 mm in width along the x-axis. 
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Figure 4. (a) Photograph of the EDMRoC circuit board. The PCB is 11 cm × 6 cm, and is designed to be inserted between the poles of a magnet, typically an electromagnet. The a-Si:H pin solar cell is connected to the transimpedance amplifier through two contact points directly on the PCB (1). The EPRoC is bonded directly onto the PCB, and is used as the B1 source to perform EDMR measurements. The intensity of B1 can be varied by changing the current in the coils using a potentiometer (2). The Vbias applied to the solar cell is varied using a potentiometer (3). The DC current across the solar cell may be amplified by adjusting the resistance RDC (20 kΩ, 100 kΩ, and 1 MΩ) (4). (b) Enlarged view of the EPRoC array with 12 octagonal coils where the active area of the solar cell is placed. (c) Enlarged view of the transimpedance amplifier. (d) Block diagram of the EDMRoC circuit board shown in (a). The RF generator supplies the reference frequency fref to the phase-locked loop (PLL) connected to the VCO array. The current IVCO can be adjusted to modify the intensity of B1. The active area of the solar cell is placed on top of the VCO array and is connected to the TIA by gluing the conductive pads present on the glass substrate to the metal traces placed on the PCB using silver paste. The AC current output from the TIA is recorded using the lock-in amplifier to measure the EDMR spectrum. The DC output from the TIA is recorded using a multimeter to determine the I–V curve of the solar cell. 
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Figure 5. (a) Schematic of the solar cell placed onto the EPRoC array. The twelve octagons represent the EPRoC coils where the B1 field is generated to be perpendicular to the VCO array surface, indicated only in the upper coil. (b) A cross-sectional view of the chip depicts the solar cell interacting with the B1 field generated by each of the 12 coils. The coil diameter is 200 µm, and the B1 field extends for a distance that is approximately equal to the radius of the coil (not shown to scale). (c) Schematic of the solar cell in a conventional EPR resonator. The microwaves are stored inside the cavity, which is designed to create a homogeneous B1 field in the sample region, and to minimize the interaction of the sample with the electric field component of the microwaves, as indicated. 
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Figure 6. The dark I–V curves of a-Si:H pin solar cell used to record the EDMR spectra are shown with (crosses) and without (open circles) microwave irradiation. The solid and dashed lines are the results obtained from fitting the recorded data according to Equation (4) with T = 25 °C and T = 63 °C, respectively. The experimental errors are indicated at each data point. The I–V curves did not vary in the presence of the magnetic field when measured on the conventional spectrometer, such that magnetic field was not considered in the analysis. 
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Figure 7. Nominally room temperature EDMR spectra of the a-Si:H pin solar cell measured at Vbias = 1.2 V under dark conditions in (a) a commercial X-band EPR spectrometer using field modulation and an external TIA. The black trace represents the experimental data, and the red trace is the result of the fit to the data. The fitting was performed using the esfit function of EasySpin. The line-shape of the overall signal is asymmetric due to contributions from two signals, namely the dangling bonds (gdb = [2.0079 2.0061 2.0034]) (green trace) and the valence band tails (gVBT = 2.0089) (blue trace), see text. (b) The EDMR spectrum recorded using the EDMRoC and and the onboard TIA, shown in black, with the fit taken from the data obtained using the commercial spectrometer and scaled appropriately, shown in red. 
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Figure 8. The EDMR signal intensity plotted logarithmically as a function of the sample temperature (black dots). The solid line shows the best fit to the data assuming an Arrhenius type behavior according to Equation (8). The experimental error is indicated at each point. Note that this is not an Arrhenius plot, and that the line is curved. 
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