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INTRODUCTION

Applications such as solar UVA monitoring, biophotonics, hydrocarbon combustion control and fluorescence spectroscopy requires the detection of visible (VIS) light. Si-based photodiodes are the most popular devices in this range of wavelengths. However, (In,Ga)N technology shows important advantages, the bandgap can be tuned from 0.7 eV to 3.4 eV, so a high spectral selectivity can be obtained without using external filters. (In,Ga)N-based devices also allow the monolithic integration of different optical elements in a single structure and they show better behaviour at high temperature, less degradation in harsh environments and, potentially, lower dark currents than narrow bandgap semiconductor based photodiodes [START_REF] Muñoz | Al,In,Ga)N-based photodetectors. Some materials issues[END_REF].

Not much work has been carried out on (In,Ga)N-based photodetectors fabricated from thick layers, since the low miscibility of GaN and InN and the low dissociation energy of the In-N bond give rise to problems such as phase separation, alloy segregation, clustering or decomposition during growth.

Moreover, surface and bulk donor concentrations increase with the In content of the alloy, preventing the possibility of obtaining good rectifying contacts on the surface of this ternary [START_REF] Pereiro | InGaN growth applied to the fabrication of photodetector devices Nitrides and Dilute Nitrides: Growth, Physics and Devices[END_REF] [START_REF] Bailey | Band bending at the surfaces of In-rich InGaN alloys[END_REF].

Mg doping of (In,Ga)N layers is expected to relieve this problem by introducing acceptors which can compensate residual donors [START_REF] King | Surface electronic properties of n-and p-type InGaN alloys[END_REF]. In device applications, Mg doping of (In,Ga)N layers has also been used to reduce p-type ohmic contact resistivity in (In,Ga)N/GaN LEDs, applying a concentration exceeding that required to compensate donors [START_REF] Kumakura | Mg-acceptor activation mechanism and transport characteristics in p-type InGaN grown by metalorganic vapor phase epitaxy[END_REF]. However, there are not many studies based on the growth by plasma-assisted molecular beam epitaxy (PA-MBE) of Mg doped (In,Ga)N thick layers [START_REF] King | Surface electronic properties of n-and p-type InGaN alloys[END_REF] [START_REF] Kumakura | Mg-acceptor activation mechanism and transport characteristics in p-type InGaN grown by metalorganic vapor phase epitaxy[END_REF][6] [START_REF] Berkman | Nearly lattice-matched n, i, and p layers for (In,Ga)N p-i-n photodiodes in the 365-500 nm spectral range[END_REF].

In the present work, a study on the Mg doping of (In,Ga)N layers grown by PA-MBE is presented.

The electrical, optical and structural properties of the samples were studied allowing a better understanding of the behaviour of the Mg atoms and their effects on (In,Ga)N layers. Acceptor and hole concentrations as well as the activation energy of the Mg impurities were determined. The possibility of obtaining good rectifying properties on (In,Ga)N layers was checked by fabricating Schottky barrier (SB) photodiodes (PDs) for fluorescence applications.

EXPERIMENTAL

The experiment consisted of studying the behaviour of (In,Ga)N growth using different Mg effusion cell temperatures. The (In,Ga)N:Mg layers were grown by PA-MBE using a Riber Compact 21s system equipped with an Addon rf-plasma N source and Knudsen effusion cells for In, Ga and Mg.

Commercial (Lumilog) (0001)-GaN templates grown by metal-organic vapour phase epitaxy (MOVPE) on c-plane sapphire with a threading dislocation density in the 1-10×10 8 cm -3 range were used as substrates. Their backsides were coated with Ti for efficient heat absorption during growth.

The substrate temperature was measured using an Ircon Modline 3 optical pyrometer. After a chemical degrease, the substrates were introduced into the MBE system and outgassed during 30 min at 400 °C. Prior to the (In,Ga)N growth, a 100-nm-thick GaN buffer layer was grown at 730 °C under intermediate Ga-rich conditions to obtain a smooth and flat surface [START_REF] Koblmüller | In situ investigation of growth modes during plasma-assisted molecular beam epitaxy of[END_REF]. The N 2 partial pressure in the growth chamber was kept at 1.1×10 -5 Torr during growth.

The composition and the structural quality of the (In,Ga)N compounds were studied by Rutherford backscattering spectrometry (RBS) using a 2 MeV He + ion beam with a 1 mm 2 spot. Channelling measurements (RBS/C) along the <0001> axis of the wurtzite structure were carried out to determine crystal quality with depth resolution. Both random and <0001> aligned spectra were acquired in IBM geometry with the detector placed at a scattering angle of 170°. Sample position was controlled by a three-axis goniometer with 0.01°of accuracy. Experimental data were simulated using the RBX program [START_REF] Kótai | Computer methods for analysis and simulation of RBS and ERDA spectra[END_REF]. Complementary characterization of the crystal quality and alloy compositions was performed by XRD and absorption measurements using a Jasco V650 spectrophotometer and a triple-axis Bede D 3 diffractometer respectively.

Mg-doping level and hole concentration have been studied by means of C-V and Hall effect measurements. RBS measurements could not be used in this case, because the amount of Mg was below the detection limits due to the low scattering cross-section of Mg and the Ga background.

Since the Mg-fluxes used for doping were below the sensitivity of the Bayard-Alpert, the fluxes are indicated in cell temperature units.

Hall measurements were performed using the Van der Pauw geometry. Ohmic contacts were made of In. The hole concentration, obtained by this method, was compared to the acceptor concentration determined from C-V measurements using a Hg profiler. In order to confirm these results, Schottky diodes were fabricated on the (In,Ga)N:Mg layers by depositing Ti (50 nm) /Al (200 nm) Schottky contacts with a circular geometry. Ni (50nm) /Au (200 nm) extended Ohmic contacts were alloyed at 400ºC for 10 minutes in order to reduce its resistance.

GROWTH AND STRUCTURAL CHARACTERIZATION

The structural quality of undoped-(In,Ga)N samples was studied by measuring the minimum yield ( min ) along the whole range of In compositions. The minimum yield ( min ) is defined as the ratio between the aligned and the random yield, that was determined from RBS/C spectra along <0001>

for In atoms. This parameter quantifies the crystalline quality of the sample and its value is related with the percentage of disordered atoms inside the layer. The energy scale is also related to the depth of the layer and, therefore, min can be analyzed at different regions. Results indicate that min gradually increases, reaching a maximum of ~25% for intermediate In contents (0.4<x<0.8). This result is a clear evidence of the loss of crystal quality, mostly associated to miscibility problems. For low and high values of x, the minimum yield values are comparable with that of the GaN template used as substrate (2-5%), and only a remaining dechannelling is visible in the spectra [START_REF] Redondo-Cubero | Structural study of the epitaxial growth in InGaN/GaN heterostructures by ion beam analysis WOCSDICE Málaga[END_REF]. Since the structural quality of (In,Ga)N layers with In contents around 0.5 was found to be poor, an In content around 0.2-0.3 was the best choice in order to perform the doping studies. Reflection-high-energyelectron diffraction (RHEED) observations during growth showed a streaky pattern and 2D growth was obtained for samples x<0.30. Finally, an In content of x 0.2 was chosen as a compromise of sample quality, reproducibility and usefulness. The expected bandgap wavelength matches with the emission of some common fluorophores, i.e. Pacific Blue (~460 nm), which is usually utilized for the detection of proteins and nucleic acids. This may allow us to fabricate fluorescence sensors where the emitter, the optical filter and the photodetector are all based on III-N compounds.

The same growth conditions including, III-element fluxes, temperature, N 2 pressure, and N flux,

were utilized for all the samples. The fluxes were calibrated in potential (0001)-(In,Al,Ga)N growth units (nm/min) [START_REF] Heying | Control of GaN surface morphologies using plasma-assisted molecular beam epitaxy[END_REF]. N flux of ~8 nm/min, and Ga and In fluxes of ~5 nm/min and ~1.5 nm/min were used, respectively. No In droplets were observed on the samples at the end of the growth. A summary of the samples used for the different measurements can be found in Table 1. The substrate temperature was fixed at 600ºC for all cases. The only parameter that was varied was the Mg cell temperature. Four samples of 200 nm of In 0.18 Ga 0.82 N:Mg were grown in order to measure RBS. The Mg cell temperatures used for this study were 235 ºC, 240 ºC, 245 ºC and 250 ºC. Thicker samples parallel carrier conduction through the GaN-(In,Ga)N interface [START_REF] Blood | The Electrical Characterization of Semiconductors: Majority Carriers and Electron States[END_REF]. Seven In 0.18 Ga 0.82 N:Mg layers with a nominal thickness of 800 nm were grown. Mg temperatures between 225 ºC and 275 ºC were used in this case.

RHEED pattern was streaky during the growth of low doped (In,Ga)N layers, what is a characteristic from 2D growth mode. However, the increase in Mg flux leads to a brighter pattern up to 250 ºC. Over this temperature the RHEED started to show a slightly spotty pattern, and at a Mg cell temperature of 275 ºC, it became completely spotty. These changes in the RHEED pattern point out that above 250 ºC a degradation of the InGaN surface morphology occurs. A 1×3 RHEED reconstruction was observed at the end of the growth of each layer, indicating that all the In on the surface, except a third of a monolayer, was consumed while the substrate temperature was decreased, once the shutters were closed [START_REF] Green | Polarity control during molecular beam epitaxy growth of Mg-doped GaN[END_REF][14]. The reconstruction was also observed in the undoped samples. The only exception is the sample with the higher Mg flux, which did not show any reconstruction due to its poor structural quality.

RBS measurements of the Mg-doped In 0.18 Ga 0.82 N samples reveal a constant and homogeneous concentration of In, Ga and N in the samples, with no interface effects. Figure 1 The FWHM of the rocking curves of the layers are shown in Table 1. The behaviour of the FWHM as a function of the Mg flux shows a similar trend to the one expected for GaN:Mg. The FWHM is lower than the one for the undoped samples when low Mg fluxes were used, indicating the surfactant effect of Mg during growth. As the Mg flux is increased the structural quality of the layer deteriorates and a higher FWHM is found. The evolution suggests that a higher Mg flux induces the appearance of a higher number of misorientations in the crystal, which may be due, as in GaN:Mg, to the generation of N-polar inclusions. The apparent disagreement between min and the FWHM of the rocking curves as a function of the Mg flux is explained due to the different sensitivity of both measurements: min is much more sensitive to interstitial defects, while XRD is more sensitive to misorientations in the crystal.

ELECTRICAL CHARACTERIZATION

As stated above Schottky photodiodes fabricated on InGaN show very poor rectifying properties.

The effect of the Mg doping of the material on the IV curves of the devices is shown in Fig 3, there is a clear reduction of the current and an improvement of the rectifying behaviour of the devices (it is important to keep in mind that Mg doped InGaN is a p-type material so the forward bias happens when negative voltages are applied to the Schottky contact).

Electrical characterization measurements are summarized in Fig. 4. The trend of the hole and acceptor concentrations is clear; despite that at low carrier concentrations Hall measurements could not be performed due to the poor quality of ohmic contacts. As the carrier concentration increases, the Ohmic contacts improve, but worse rectifying properties are obtained for Schottky contacts and no meaningful C-V measurements are achieved for the sample with the highest hole concentration.

These are the reasons for the missing points in Fig. 4, the C-V measurements for the lowest Mg fluxes and the Hall measurement for the highest Mg flux.

A maximum hole concentration of 3×10 19 cm -3 is reached at a Mg cell temperature of 250 ºC with a mobility value at room temperature of 4 cm 2 /Vs, comparable to the ones obtained by MOVPE growth [START_REF] Kumakura | Activation energy and electrical activity of Mg in Mg doped In x Ga 1-x N (x<0.2)[END_REF]. Therefore, it is shown that it is possible to obtain similar, and even higher, concentrations to those obtained by metal-organic vapour phase epitaxy [START_REF] Kumakura | Activation energy and electrical activity of Mg in Mg doped In x Ga 1-x N (x<0.2)[END_REF]. All the results obtained suggest that Mg doping of (In,Ga)N and GaN are similar. In both cases a maximum hole concentration is reached at a certain Mg flux. If a higher Mg flux is used, hole concentration decreases and a degradation of the structural properties of the layer occurs, this effect is what I will be calling overdoping. In GaN, an excess of Mg causes a layer polarity inversion, inducing material degradation and decreasing the efficiency of substitutional incorporation of Mg atoms [13[16][17].

Taking into account our results, the same processes are expected. In our case, 250 ºC corresponds to the higher Mg flux that can be used in order to obtain an efficient incorporation of Mg atoms in In 0.18 Ga 0.82 N substitutional positions.

The activation energy can be determined from the difference between the acceptor concentration values extracted from C-V measurements and the deduced hole concentration values from Hall measurements. However, in order to improve the accuracy of the resulting activation energy values of the Mg acceptors, Hall effect measurements as a function of temperature were performed.

Samples with intermediate hole concentrations were evaluated by Hall measurements as a function of temperature, as shown in Fig. 5. The data has been fitted using the charge neutrality condition described in [START_REF] Götz | Hall-effect characterization of III-V nitride semiconductors for high efficiency light emitting diodes[END_REF] as
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where N V is the valence band density of states, ∆E a is the activation energy of the acceptors, p(T) is the hole concentration, N a is the acceptor concentration, N D is the donor concentration, k B is the Boltzmann constant and T is the temperature. An acceptor degeneracy factor g = 2 was used [19].

The activation energy obtained with eq. ( 1) in the In 0.18 Ga 0.82 N layers is ~60±5meV. Although, no data has been found in the literature for Mg doped (In,Ga)N samples grown by MBE, our results are in agreement by extrapolating the data presented by Kumakura et al. for In x Ga 1-x N:Mg with x 0.14 [START_REF] Kumakura | Activation energy and electrical activity of Mg in Mg doped In x Ga 1-x N (x<0.2)[END_REF] grown by MOVPE. PL results (not shown) seem to support the results presented above.

PHOTODETECTOR CHARACTERIZATION

As expected, current-voltage (I-V) characteristics of the Schottky barrier diodes (not shown) show a current increase as the p-type doping of the layer increases. Once a Mg cell temperature of 250 ºC is exceeded, the current decreases, at the same time that the hole concentration does. However, rectifying characteristics of the contacts improve in comparison to the ones fabricated on unintentionally-doped (In,Ga)N samples.

The (In,Ga)N:Mg photodiodes were used in a back-illuminated configuration, in order to use GaN substrate as an optical filter. The spectral response is plotted in Fig. 6. The peak responsivity is as high as 90 mA/W at 470 nm, and there is a contrast of >10 2 between 420 and 470 nm.

The self-filtering effect from the InGaN layer occurs since the thickness of the In 0.18 Ga 0.82 N layers is larger than the diffusion length of the carriers. The carriers photogenerated far from the depletion region of the diode, at a longer distance than the diffusion length, do not contribute to the photocurrent. The inset of Fig. 6 shows the spectral response of the diodes in a logarithmic scale.

Here, it is possible to observe how as Mg doping of the layer grows, optical filtering increases and less photocurrent at higher energies is obtained, due to a decrease of diffusion length of photogenerated carriers.

In order to explain the changes in the peak responsivity wavelength between the samples, a simple model based on the absorption of the samples has been developed. A diffusion length of 150-200 nm is assumed for the heavier doped sample as a starting point. This value is the estimated minority carrier diffusion length in p-type GaN [START_REF] Bandic | Minority carrier diffusion length and lifetime in GaN[END_REF]. Although the diffusion length for (In,Ga)N is expected to be higher [START_REF] Duboz | Diffusion length of photoexcited carriers in GaN Mat[END_REF][22], the heavy doping of the sample should reduce it, so the value for GaN is adequate. The model is described in the inset of Fig 7, different regions of the same InGaN layer act as an optical filter and as active layer. The calculations consist of the subtraction of the absorption that occurs in the non-active region of the InGaN layer from total absorption. We assume that the thickness of the active region of the heaviest doped diode is 200 nm, and that it varies as a function of the acceptor concentration as the experimental thickness of the SCR does. The total absorption of the layers is taken from experimental measurements.

The normalized spectral response given by this model is shown in Fig 7 . The relative positions of the peak responsivities as a function of the Mg doping are very similar to that experimentally obtained. This seems to indicate that the changes in the maximum responsivity wavelength of the diodes are due to small changes in the In content or the strain of the layers. The small differences observed between the maxima peak wavelengths of the experimental results and the theoretical results are attributed to differences between the actual diffusion length and the one considered in the calculations. The different behaviour of the layer growth with a Mg cell temperature above 250 ºC seems to be related to the structural problems of this layer, which, in turn, could affect carrier diffusion length.

The main application for this photodiodes is fluorescence measurements, and the integration of the detector and the optical filter in one structure. 

Figure captions

  shows the RBS <0001> channelled and random spectra for the InGaN:Mg sample with a hole concentration ~3×10 19 cm -3 . Channelling experiments showed a similar minimum yield ( min ∼18%) for all the samples independently of the Mg concentration. Important variations were not observed in min for samples grown with Mg cell temperatures below 250 ºC. However, the measured minimum yield value is slightly higher than the one obtained for non-intentionally doped In 0.18 Ga 0.82 N layers ( min =12.5%), indicating the interstitial incorporation of Mg atoms. The amount of interstitial Mg atoms seems to remain constant up to a Mg flux corresponding to a cell temperature of 250ºC. The intensity of XRD In 0.18 Ga 0.82 N diffraction maxima decreased and the peaks became broader as the Mg flux was higher (Fig 2Error! Reference source not found.a). An increase of the absorption edge width confirmed XRD results (Fig. 2b). Both measurements indicate a degradation of the samples when Mg cell temperature above 250 ºC was used. Further XRD experiments were performed in order to gather more information about the effect of Mg impurities in the InGaN layer.
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Table 1 .

 1 Summary of the In 0.18 Ga 0.82 N samples used in this study. The layer parameters indicated in the table are the Mg cell temperature used during growth, the Mg concentration of the layer, the minimum yield, full width at half maximum (FWHM) of the rocking curves and the thickness of the layer. Fig.1. Random and aligned <0001> RBS spectra of sample R394 (~3×1019 hole/cm 3 ).

Table 1 .

 1 Summary of the InGaN samples used in this study. Hole concentration was calculated directly from hole measurements or approximated from the results obtained by CV measurements.

	Sample	Mg cell temperature (ºC)	Hole concentration (cm -3 )	min	FWHM(º) (Rocking curve)	Thickness (nm)
	R387	225	∼5×10 15	-	-	∼800
	R391	235	∼1×10 17	-	0.25	∼800
	R400	240	9×10 17	-	0.35	∼800
	R401	245	4×10 18	-	0.40	∼800
	R386	250	3×10 19	-	0.42	∼800
	R390	260	2×10 18	-	0.43	∼800
	R385	275	2×10 18	-	0.43	∼800
	R393	236	9×10 16	18.5	-	163
	R398	240	~8×10 17	18.2	-	159
	R399	245	~4×10 18	16.7	-	161
	R394	250	~3×10 19	18.1	-	160
	R355	-	-	12.5	0.34	300
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