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Abstract

:

We applied photoreflectance (PR) spectroscopy for contactless determination of the electric field strength at buried interfaces in metal–insulator–semiconductor (MIS) structures. The PR is an all-optical version of an electromodulated reflectance spectroscopy. The tradeoff of this adoption is that this requires an additional feedback system to eliminate background problems induced by scattered pump light and/or photoluminescence. A microcomputer-based feedback system has been developed for this elimination. Despite the very tiny signal intensity, we successfully attained a sufficiently good signal–noise ratio to determine the electric field strength in oxide-based MIS interfaces that exhibits a large, unwanted photoluminescence signal. The field strength was evaluated to be ca. 0.25 kV/cm.
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1. Introduction


Modulation spectroscopy has played an important role in characterizing the optical properties of solids [1,2,3,4]. Due to its inherent derivative nature, the resultant spectrum becomes free from the broad background [5]. This spectroscopy has been mainly used for an electronic-band-structure characterization. As stated explicitly by Aspnes and coworkers [1,2], the electroreflectance (ER) can also detect, in principle, the Franz–Keldysh oscillation (FKO) as a result of the relatively strong built-in electric field despite its signal intensity—at least one order of magnitude smaller than the band-edge response [6,7,8].



Photorefletance (PR) is known to be one of such modulation spectroscopies [3,4]. Traditionally, external perturbations such as electric fields have been applied to measure differential reflectivity. In the case of PR, perturbation is implemented through an additional pump laser beam by modulating the built-in electric fields near the solid surfaces. Photo-absorbed electrons are excited, and the dielectric constant is resultingly changed in accordance with the change of the electronic distributions. Then, the change in the dielectric constant induces the change of the reflectivity. This spectroscopy has desirable attributes such as its non-destructive and contactless properties [9,10]. These are attractive for the contactless assessment of the interface properties such as electric field strength and Schottky barrier height because of its possibility of extension to the in situ diagnosis, which is compatible with the processing environments [11,12]. It should be noted that it is very difficult to accomplish in the cases of other kinds of contactless probes [13,14,15].



On the other hand, the PR has a drawback that is well-known as “the spurious signal problem” [16,17,18]. This is owing to the interfusion with photoluminescence (PL) or laser scattered light. Due to this, the detection limit of this spectroscopy seems to be worse than that of the ER spectroscopy. A look through the literature revealed that many works related to the detection of the FKO in wide-gap semiconductors have been mainly dedicated to multiple quantum wells, where the signal intensity was earned with the periodicity of the structures [19]. There are few works except for that in Au Schottky contacts on GaN [20]. A contactless characterization tool should preferably cover the basic device structures such as bulk-crystalline-based Schottky diodes and simple metal–insulator–semiconductor (MIS) structures. To suppress the spurious contribution and to enhance the detection limit, Shen and coworkers [16] proposed keeping the direct current (DC) component (Vdc) constant independent of the photon energy, enabling the facile a posteriori subtraction of the spurious signal contributions [17]. While this was originally termed a new normalization procedure, we rather call it a constant DC-reflectivity PR, in analogy with the constant photocurrent method [21]. Among many other methods previously proposed, this technique can most soundly balance between advantages and cost-effectiveness [18,22,23,24].



This paper describes a microcomputer-based implementation of the constant DC-reflectivity PR spectroscopy because obsolete electrical parts adopted in the original work [16] must have been replaced with the state-of-the-art counterparts. After explaining the design of our feedback system, we demonstrate how to efficiently maintain the constant DC component voltage (Vdc) with this. Finally, we report our observation of FKO in the PR spectrum taken for an oxide-based MIS structure that exhibits a large, unwanted PL signal. The interface electric field strength is also evaluated.




2. Experimental Procedures


As earlier stated, it is considered to be very difficult to detect tiny FKO-related signals without the extension to the conventional PR. This is especially true for the widegap-semiconductor-based simple Schottky or MIS diodes. It is impossible to reproduce the original set-up [16] with the electrical parts available nowadays. Therefore, let us explain our system in detail.



First, we explain why we normalized the DC reflectivity (Vdc) for the PR for the spurious signal suppression. Signals detected with the modulation spectroscopy include two components; i.e., Vdc and modulated AC components (Vac) [16]. The quantity that we wish to obtain is Vac divided by Vdc. A detailed explanation of the principle can be found elsewhere [16,23]. We only show the relevant equations below without introducing excessively complicated quantities. By letting E take photon energy, the DC output can be expressed as:


       V  d c   =  I 0  R  E  .      



(1)







Here,    I 0    denotes an effective input intensity that also accounted for gains of the avalanche photodetector (APD) and post-amplifier. In other words,    I 0    is an inputting intensity multiplied by these gains.



On the other hand, spurious signals tend to contribute to the Vac in PR, and this reads:


       V  a c   =  I 0  Δ R  E  +  I  s p   ,      



(2)




where    I  s p     denotes the intensity of spurious component that includes again the abovementioned gains. It should be noted that    I  s p     is independent of the photon energy because of the dark configuration. In other words, this can be regarded as a constant.



Thus, the relationship between    V  d c   /  V  a c     and   Δ R / R   can be written as


         V  d c      V  a c      E  =    I 0  Δ R  E  +  I  s p      I 0  R  E    =   Δ R  E    R  E    +    I  s p      V  d c     .      



(3)







The second term of Equation (3) becomes constant if the    V  d c    E    is independent of probe energy (E). That is why we wish to keep the Vdc irrespective of the photon energy. This facilitates an a posteriori subtraction of the spurious signal.



In the original approach [16], a variable neutral density filter (VNDF) mounted on a servo-motor was adopted to maintain constant Vdc. A VNDF is a filter that allows you to adjust the attenuation of the incoming light intensity. By rotating the filter, the filter shifts between low and high attenuations. The basic design of the servo-motor-based control system is shown in Figure 1. It is known that the precision in position determination of a stepping motor is superior to that of the servo motor. However, the control requirements of the stepping-motor drive are so unique that the concepts for the servo motors can hardly be extrapolated to those of the stepping motors. A driver for a stepping motor is usually controlled with a personal computer (PC), which tends to severely deteriorate the stability of the feedback systems due to the power-line noise. On the other hand, if this is controlled with a low-cost RISC (reduced instruction set computer) microcontroller, i.e., Arduino ATmega328P, it also enables stability attainable with the battery power feeding.



Next, we explain our proposed designs on the algorithm and circuits for the stepping motor drive system, which is power-delivered from the DC batteries, as shown in Figure 2. We drove this stepping motor by using a stage controller (PAT-001, Sigma Koki Co. Ltd., Tokyo, Japan). The power driving source is a lead-acid battery. We developed an original circuit for the RISC control. For the feedback, the pulse number sending to the stepping motor was adjusted following the distance between the present and target values (otherwise known as Vdc) [25].



Next, we describe the algorithm of our proposed design. Figure 3 shows a flow chart of our feedback system. We used the Arduino language, which is similar to the C/C++ language, for coding. As shown in the right-hand side panel of Figure 3, we determined the sign of the number of pulses, depending on the positive/negative in the difference between current DC reflectivity and the target Vdc. Additional care has to be taken if an APD is used as a detector instead of a photo-multiplier tube. As shown in Figure 4, there is a relatively large variation in its sensitivity curve especially in the UV range. As earlier stated, our main target is related to the wide-gap semiconductors. Therefore, we decided on mutual communication between the RISC and the monochromator. To minimize the influence of the PC noise, we used a universal photocoupler (TLP785) and added an isolated communication circuit to the communication path between the VNDF control unit and a PC. We ensured electrical isolations between the VNDF and the PC, while the bidirectional communication was implemented. We set the baud rate down to 1200 bps (bit per second) to avoid unfaithful waveform transform and the resulting communication errors. As shown on the left-hand side of Figure 3, the RISC controller inquires about the current photon energy before calling the subroutine for the feedback control. Then, we calculate the absolute number of the pulse sending to the motor by introducing two following empirical parameters, i.e., k and lum, respectively. Since the sensitivity of the APD significantly depends on the photon energy, the Vdc change per the density-filter angle also depends on the energy. The parameter k takes this effect into account. Then, we divided the sensitivity curve of the APD into five regions, as shown by the vertical lines in Figure 4. We have performed the linear regression analysis for each region to determine the slopes. The value of k was finally calculated from the absolute value of the slopes of the sensitivity curve. To avoid the so-called overshooting behavior, we introduced an additional empirical parameter lum. This parameter was decided by the difference between the current value and the target Vdc. The adjustment method of this parameter is similar to the parameter p in the PID (proportional–integral–derivative) language. By accounting for the above-mentioned parameters, we calculated the number of pulses (Npuls) according to the equation: Npuls = k × lum. It should be noted that we rounded Npuls to make the number integer only. We repeated such feedback until the convergence. The convergence was judged if the difference falls within acceptable limits, i.e., ±1% of the target Vdc. In the case of the APD PR spectroscopy for the near UV region, our algorithm allowed us to result in more secure convergence rather than the use of the PID subroutine equipped by the Arduino library.



Finally, we explain our optical set-up and device under test (DUT). We adopted what is often called a dark configuration, i.e., the monochromatized probe beam fed onto the DUT. As a chopped pump beam, we used 325-nm-line from an HeCd laser. The reflected probe beam was focused on the APD. Irises were placed in our optical path to limit the acceptance angle [26]. While the PL angular distribution follows Lambert’s cosine law, the directionality of the reflectance is superior to that of PL. The iris insertion technique can block the PL signals, thereby drastically reducing the collection efficiency of PL signals, i.e., the spurious contribution. As long as an Xe arc lamp is used as a probe source, this technique is not sufficient to completely suppress the spurious contribution. Despite its incompleteness, this helped the efficiency and precision of our constant DC-reflectivity PR. The DUT is a ZnO-based MIS structure. We introduced additional stacking layers of several-nm-thick Al2O3 and semitransparent gold on a commercially available ZnO crystal using the atomic layer deposition technique. The DUT was attached to a cold finger of a refrigerator for cryogenic temperature measurement.




3. Experimental Results and Discussion


Figure 5 shows the Vdc(E) spectra with using the VNDF control. The target Vdcs are 300, 750, 1000, 2500, and 3500 mV, respectively. As can be understood from Figure 5, it can be said that we successfully control the feedback with the various Vdc values. Moreover, this control system attained good performance on reproducibility.



Having established our PR scheme, we measured a PR spectrum for the ZnO-based MIS structure [27,28]. Figure 6 shows the differential reflectivity spectrum (closed circles) using the VNDF. The measurement temperature is approximately 180 K. The spurious signal subtraction has been made already to show this datum. A calculated result using Equation (2) of Ref. [29] is shown with a solid line. In addition to the excitonic anomaly (at approximately 3.35 eV), we can also observe an oscillatory structure above this resonance energy [30,31]. This observation suggests a strong-field regime [1,2]. The electric field is concentrated near the interface of this MIS structure [32,33,34]. The distortion of the PR lineshape from that in the low-field regime suggests that the higher energy signal can be assigned to the FKO [6,7,8,35,36,37]. For the analysis, we adopted the theory by Aspnes [1,2], the functional forms of which were concisely formulated in Equation (2) of Ref. [29]. We adjusted the relevant parameters to reproduce the behavior of observed FKO while sacrificing the coincidence around the excitonic anomaly (at 3.35 eV). We believe that the signal-to-noise ratio here is sufficiently high enough to be able to determine the energies of nodes and antinodes of the FKO. This may be justified if we consider the fact that the FKO signal is generally tiny, especially in the case of the wide-gap semiconductors. The value of Vdc for this measurement was 750 mV. While the slight increase in this quantity allowed the observation of the FKO, the distortion of the waveform became severe at the Vdc levels greater than 2.5 kV.



Hereafter, we explain how to evaluate the electric field strength from the FKO. From the oscillating period, a parameter Θ was determined to be ca. 0.021 eV. By letting me take the electron effective mass, the electric field F is related with Θ through F2 = 2me Θ3/(eħ)2. Nomenclatures other than me have their standard meanings. Since the electron mass of ZnO is 0.23 m0 [38], then the electric field was evaluated to be ca. 0.25 kV/cm, which is in the same order of magnitude as the case of the Schottky contact on GaN. The values are Θ ≅ 0.04 eV, and me = 0.22 m0, respectively. It should be noted that the energetic determination of the nodes and antinodes enables the quantification of the electric field strength without the model regression analysis, as has been performed in Ref. [20].



Finally, we mention the discrepancy at the excitonic resonance. Although the reason for this discrepancy is not clear at moment, this is attributed to the fact that the present model is based on the standard-critical-point (SCP) theory. The existence of the strong built-in electric field tends to screen the Coulomb force between an electron and a hole, resulting in an excitonic instability [39]. Probably, such an unstable exciton cannot be correctly modeled in the framework of the SCP model [3,4,5].




4. Conclusions


For the contactless determination of the interface electric field, we have customized PR spectroscopy unaffected by unwanted spurious signals. We describe state-of-the-art electronics implementation to vary the intensity of the probe beam to maintain a constant Vdc instead of the traditional servomechanism. This accomplishment provides a cost-effective solution based on microcomputers for constant DC-reflectivity PR spectroscopy. This system can be assembled easily because they consist of versatile electronic parts that are often used in controlling circuits nowadays. The advantage of our method has been demonstrated on a ZnO-based MIS structure that exhibits a large, unwanted PL signal. The electric field strength was also evaluated. It is expected that this can be also applied to the spectroscopies other than the PR such as the constant photocurrent method [21].
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Figure 1. A block diagram showing the basic design of the analog servo-motor-based feedback system. 
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Figure 2. A block diagram showing the proposed design on our microcomputer-based system. The list of abbreviations is as follows: LCD: liquid crystal display, APD: avalanche photodiode, AMP: amplifier, LPF: low-pass filter, VNDF: variable neutral density filter, REG: voltage regulator, and ADC: analog–digital converter. Nomenclatures of ATmega328P (RISC (reduced instruction set computer) controller), APD440A2, OPA656, and AD7787 are the product numbers. 
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Figure 3. A flow chart showing the main parts of the feedback algorithm (a) with the called sub-routine (b). The name of the sub-routine is feedback loop. For the want of space, the number of the energetic (wavelength) regions was limited to two regions, although the actual number of the regions was five. The symbol λ depicts the wavelength (energy) of the detection. The flow chart only concerns the communication between the motor-driver and the RISC. Values of  k  and   l u m   are related to the weights used to determine the number of the pulses sent to the stepping motor. Arguments were abbreviated as “args” here. 
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Figure 4. Sensitivity curve of avalanche photodiode. Four vertical lines separates the five energetic regions to control our feedback system. 
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Figure 5. The result of the actual machine test. VNDF-controlled results of the DC component intensity (Vdc) are shown as a function of the energy of the probe beam. The system can be adapted for a sufficiently wide range of Vdc from 300 to 3500 mV. 
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Figure 6. The photoreflectance spectrum of ZnO (closed circles) with using the VNDF. This spectrum is measured at 180 K. The solid line corresponds to a calculated result using Equation (2) of Ref. [29]. 






Figure 6. The photoreflectance spectrum of ZnO (closed circles) with using the VNDF. This spectrum is measured at 180 K. The solid line corresponds to a calculated result using Equation (2) of Ref. [29].



[image: Solids 02 00008 g006]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
' H
i| Reset switch :
' v GPIO :
| Set switch, > I’C LCD :
i Mode select Displayl |t
E 8-bit AVR u-com (ACM1602NI) .
: Debug & (ATmega328P,
il Update RS232C - Arduino) LCD
E (HardSerial) Display2 '
: (Grove RGB) |
' REG ;
T Novzas7 [ +52V A ) :
: SPI '
: RS232C ;
: REG |  _ : :
; LT1964 22V (SoftSerial2) :
: Y :
: _ RS232C :
: 24-bi (SoftSerial1) ;
! A ADC ;
; (AD7787) :





nav.xhtml


  solids-02-00008


  
    		
      solids-02-00008
    


  




  





media/file2.png
Servo
REF AMP

SIGNAL

Logic

LAMP

Monochromator
Half
Bridge
Motor j—
Half
Bridge l
DETECTOR (g =

TR

VARIABLE
NEUTRAL
DENSITY

— FILTER

L) FILTER





media/file5.jpg
VNDF control activity Diagram

setlum according to abs(dif)
calc.num. of puse from k & lum
‘send + or- pulses fo motor

@ ®)





media/file3.jpg





media/file1.jpg
DETECTOR






media/file7.jpg
(wY) Aiwsuodsay

Photon energy (eV)





media/file10.png
Goal voltage (mV)

3500

1500

1000

2 2.5 3
Photon energy (eV)

3.5






media/file12.png
AR/R

® measured
calc

0.00005

0.00000

—=0.00005

—0.00010

335 340 345 350
Photon energy (eV)





media/file9.jpg
-

(Aw) aBe3jon [eo

1000

500

35

25

Photon energy (eV)





media/file0.png





media/file8.png
e~ e~ ~— ~
(ay) AJasuodsay

2.5

4.5

3.0
FPhoton energy (eV)

2.5





media/file11.jpg
ARR

000005

000000

000005

000010

33

540
Photon energy (V)

345

350






media/file6.png
VVNMDF control activity Diagram

;E<5hurt A range?ﬁ

set smaller k setlarger k

feedback loop (feedhachlnnp r|1)
(args.: k & lum) rh

(a)

feedback loop,/

setlum

?EE{current == gnal‘?)(

Mo

?f<::urrent < gnal‘?)ri

set plus sign set minus sign

get abs(current-goal)

set lum according to abs(diff)

calc. num. of pulse from k & [um

‘ send + or- pulses to motor l

(b)





