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Abstract: This work presents an in-situ technique to quantify the layer-by-layer 

roughness of thin films and heterostructures by measuring the spectral profile of the 

reflective high energy electron diffraction (RHEED). The characteristic features of the 

diffraction spot, including the vertical to lateral size ratio c/b and the asymmetrical ratio 

c1/c2 along the vertical direction, are found to be quantitatively dependent on the surface 

roughness. The quantitative relationships between them are established and discussed 

for different incident angles of high energy electrons. As an example, the surface 

roughnesses of LaCoO3 films grown at different temperatures are obtained using such 

an in-situ technique, which are confirmed by the ex-situ atomic force microscopy. 

Moreover, the in-situ measured layer-by-layer roughness oscillations of two LaCoO3 

films are demonstrated, revealing drastically different information from the intensity 

oscillations. The experiments assisted with the in-situ technique demonstated an 

outstanding high resolution down to ~ 0.1 Å. Therefore the new quantitative-RHEED 

technique with real-time feedbacks significantly escalates the thin film synthesis 



efficiency, especially for achieving atomically smooth surfaces and interfaces. It opens 

up new propects for future generations of thin film growth, such as the artificial-

intelligence-assisted thin film growth. 

 

1. Introduction 

In the past decades, the flourishing development of materials science has made possible 

the advanced thin film syntheses with excellent quality control, such as the molecular 

beam epitaxy (MBE) and reflective high energy electron diffraction (RHEED) assisted 

pulsed laser deposition (PLD). However, low efficiencies of these advanced film 

growth techniques have been long-term obstacles which limit their applications in the 

thin-film industry. Recently, new fabrication pathways have been proposed in order to 

enhance the efficiency of high-quality thin film growth, such as the high-throughput 

thin film deposition,[1,2] artificial intelligence (AI) assisted film growth,[3-5] etc. 

Regardless of each specific route, the high-efficiency and high-quality thin film growth 

is best equipped with RHEED to provide in-situ monitoring and real-time feedbacks.[6,7] 

Using high energy (tens of keV) electrons incident along a grazing angle,[8] RHEED is 

very sensitive to the topmost atomic layer during the in-situ growth and has been widely 

accepted as the ubiquitous method to monitor the thin film growth, manifesting itself a 

powerful means for high quality thin film growth. Attempts on bridging AI with thin 

film growth were recently reported in the hope of achieving AI-assisted growth based 

on the in-situ feedbacks of RHEED.[4,5] Thus, along the path toward realizing high-

efficiency growth, RHEED still plays the dominant role in both monitoring and 

providing fast feedbacks to the deposition performer and consequently to the deposition 



equipment. However, such studies are at very early stages and the methodology using 

RHEED to warrant both high-efficiency and high-quality is yet to be discovered. 

 

On the other hand, the capability of growing films with single-atomic-layer control has 

been increasingly important for many material systems. One example is the family of 

complex oxide heterostructures, where the abrupt interface and the breaking of 

symmetry have made it a fertile ground of emergent interfacial phenomena, such as the 

two-dimensional electron gas, interfacial superconductivity, etc.[9-12] However, the 

growth efficiency of these heterostructures is even lower than the bulk films, mainly 

because of the higher standard on preparing the interfacial layers. The currently 

inadequate feedback from the RHEED monitoring is the key of the problem. The most 

important requirement of a high quality interface is the abrupt interface which does not 

tolerate interfacial intermixing, voids, misfit defects, etc. But the current RHEED 

technique does not provide enough information of the interfacial roughness (or 

abruptness). Hence, high quality fabrications of the interface have been heavily relying 

on the experience of the grower and also many ex-situ characterizations, such as atomic 

force microscopy (AFM), scanning electron microscopy (SEM), transmission electron 

microcopy (TEM), X-ray or neutron reflectivity, etc.[13] The ex-situ characterizations 

are very time-consuming, which can also be complicated by the exposure to the 

atmophere and especially a serious issue for films sensitive to water molecules, oxygen 

or other surface contaminations.[14-18] Due to the strong needs to acquire sufficient in-

situ feedbacks, there have been progresses in developing in-situ growth assisted with 



few optical methods such as X-ray diffraction (XRD)[19,20] and ellipsometry.[21,22] 

However, these methods are less sensitive to the atomic configuration than RHEED 

since photons interact with materials with much smaller cross-section than 

electrons.[8,23,24] Thus, the in-situ RHEED technique for realizing high-quality growth 

with atomically smooth interfaces is still in urgent needs. 

 

Here we developed an in-situ technique to facilely measure the roughness of each as-

grown layer by performing quantitative analysis of the RHEED intensity profile. First, 

the direct relationship between the surface roughness and the specular spot profile is 

constructed and mathematically derived. All realistic modulations to the ideal scattering 

model are thoroughly considered in order to derive very accurate roughnesses. Then the 

tensile-strained LaCoO3 films grown on (0 0 1) SrTiO3 substrates are used as examples 

to evaluate the accuracy of the technique. It is found that the derived roughnesses of 

films grown at various temperatures are nearly identical to those obtained by AFM 

measurements using very sharp and clean tips. Finally, the real-time layer-by-layer 

roughness evolutions during the film growth are demonstrated, which show unique 

surface evolution dynamics unattainable from the RHEED intensity oscillation. The 

new in-situ technique is capabale to achieve a very high resolution (~ 0.1 Å), which is 

comparable to the most precisive ex-situ roughness measurements. Because the in-situ 

RHEED pattern analysis provides highly efficient real-time feedbacks with high 

accuracy, it is advantagous to replace ex-situ roughness measurements for both oxides 

and non-oxide materials, especially for samples intolerant to degradations in the 



atmosphere. The finding broadens the application of RHEED-assisted thin film 

deposition, and may open up new prospects for the on-going development of AI-

assisted thin film growth. 

 

2. In-situ roughness characterization by RHEED: the mathematic modeling 

2.1. The real space roughness model of a film surface 

In order to analyze the roughness of the film surface, a distribution function is needed 

in order to describe the number of particles at different heights on the surface. The 

realistic Gaussian distribution function is adopted to represent the number of surface 

particles at different heights. The distribution of particles along the vertical z direction 

is described in Equation (1) and schematically shown in Figure 1(a). 

𝑓(𝑧) = √
2

𝜋

1

𝜎
exp (−

𝑧2

2𝜎2)    𝑧 ∈ (0,+∞)                                                 (1) 

The σ is a variable parameter representing the height variation of the surface particles 

which corresponds to the surface roughness. When σ is small, particles are concentrated 

near the z = 0 plane and the surface is flat. For an ideally flat surface, σ is zero. The f(z) 

is a normalized function with its integration in the entire z range being 1, representing 

the occupational proportion of particles at height z among all particles on the surface. 

Thus we can describe the root mean square (RMS) surface height variation as the 

following. 

RMS = √∫ 𝑓(𝑧)𝑧2𝑑𝑧
+∞

0
= 𝜎                                                           (2) 

The Equation (2) clearly demonstrates that the surface roughness of a thin film, defined 

as the RMS, is exactly equal to σ. 

 

2.2. The reciprocal space rod widening due to the in-plane non-coherency 



The scatterings of high energy electrons by thin films or substrates involve both the 

elastic and inelastic processes. The diffraction spots such as the specular spot in the 

RHEED pattern are due to the elastic scattering, while the Kikuchi lines are from the 

inelastic scattering.[8] The mean free path of the elastic scattering is proportional to the 

inverse of the electron density and the scattering cross section.[25, 26] For typical 

elements with Z ranging from ~20 to ~80 and the incident electron energy of 30 keV, 

the elastic mean free path is estimated to be about 5 to 15 nm using the experimental 

data of ref. [26] and the calculated cross-section data of ref. [27]. Since high energy 

electrons of RHEED are incident at a grazing angle, the penetration depth of the 

elastically scattered electrons is further lowered to 0.2 nm to 0.5 nm for the typical 

incidence angle of 2°. For comparison, the thickness of an atomic layer of most 

materials is about 0.2 nm. Therefore at the nominal 2° incidence angle, the RHEED 

diffraction spots, with an origin of elastic scattering, primarily demonstrate the surface 

structure with the thickness of one to two atomic layers.  

 

For the infinitely large two dimensional crystal lattice in real space, the corresponding 

reciprocal lattice is the line array as shown in Figure 1(b). For actual experiments, the 

size of the sample surface illuminated by the electron beam is finite which is defined as 

D. The reciprocal space line becomes a rod with a width d = 2π/D. In the reciprocal 

space, d is the minimum value that the rod width can possibly be (i. e. when the entire 

illuminated surface is coherently scattered). But for realistic surfaces, the surface atoms 

are not on a coherently flat surface, due to terraces, surface corrugations, defects, etc. 

Within the size of D, the surface can be viewed as an area composed of many islands 

distributed at different height z, with the atomic population of f(z) as described in 



Equation (1). Therefore, for islands at height z, the overall lateral size of these islands 

is proportional to f(z). After the Fourier transformation, the lateral size of the reciprocal 

rod corresponding to islands at height z is inversely proportional to f(z). Therefore, the 

single reciprocal rod with width of d transits to a composite rod with the constituent rod 

width ranging from infinitely broad to 2π/D. As shown in the supporting information 

section 1, contributions of all rods to the overall in-plane diffraction is calculated, and 

the full width at half maximum (FWHM) of the diffraction intensity along the in-plane 

direction is defined as the lateral size d of the composite rod. Furthermore, d of the film 

can be scaled to d0 of the substrate in the following Equation (3). Thus the widening of 

rods due to the in-plane beam size and the in-plane non-uniformity has been considered. 

𝑑 = 𝑑0
𝜎

𝜎0
                                                                                (3) 

 

2.3. The perpendicular correction factor to the diffraction intensity 

The Gaussian distribution has been written in Equation (1). The Fourier transform of it 

remains a Gaussian function as shown in Equation (4). 

𝐹(𝑘𝑧) = 2𝑒− 
𝜎2𝑘𝑧

2

2                                                                        (4) 

The kz is reciprocal to z in the real space. When surface atoms are distributed at different 

heights, the diffraction intensity is dependent on kz which causes the reciprocal rod 

width being non-uniform along the kz direction. As shown in Equation (4), the 

diffraction intensity is stronger for diffraction directions with smaller kz. As shown in 

Figure 1(c), the diffraction intensity is smaller at θ+ (top of the specular spot) and larger 

at θ- (bottom of the specular spot). In XRDs, the similar effect has been considered in 



the crystal truncation rod (CTR) analysis.[28] Thus the diffraction intensities at θ+  and 

θ- are different by a correction factor of 𝑒−
−𝑘2𝜎2(𝑠𝑖𝑛2𝜃+−𝑠𝑖𝑛2𝜃−)

2 . k is the wave vector of 

the high-energy electrons. As shown in the supporting information section 2, the angles 

of θ+ and θ- can be approximately calculated using the rod width d, and the above 

correction factor is approximately equal to 𝑒𝑘𝑑𝜎2
. 

 

2.4. The intensity profile of the RHEED specular spot and the perpendicular 

asymmetry of the reciprocal space rod  

In the kinematical scattering theory,[8] the wave vector 𝑘⃗  and 𝑘′⃗⃗  ⃗ of the incident and 

diffracted beams differ by a reciprocal-lattice vector 𝐺 . Consequently, the diffraction 

condition is satisfied when the Ewald sphere intersects the reciprocal rods, at which the 

diffraction maximum appears (see Figure 1(b)). The (0, 0) specular spot is located at 

the intersection between the zeroth-order Laue circle and the (0, 0) rod (see Figure 1(c)). 

In the top view, the specular reflections occur when the Ewald sphere intersects the (0, 

0), (0, 1) and (0, -1) reciprocal rods (Figure 1(d)), which generates three spots on the 

RHEED screen (Figure 1(e)). Diffraction spots on higher order lines can be located if 

the diffraction geometry is allowed. As shown in Figure 1(b) and 1(c), the reciprocal 

rods intersect the Ewald sphere away from the equatorial plane, which makes the 

diffraction spots naturally having a distorted elliptic shape along the z direction. Owing 

to the simple geometry of the Ewald sphere, the lengths of the spot (0, 0) along the y 

and z directions on the screen are derived (see supporting information section 3), which 

are named as b and c respectively and shown in the following equations. 



𝑏 = 𝐿
𝑑

𝑘𝑐𝑜𝑠𝜃
                                                                           (5) 

𝑐 = 𝐿𝑡𝑎𝑛𝜃
𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃−

𝑑

2𝑘
)−𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃+

𝑑

2𝑘
)

𝑐𝑜𝑠2𝜃
                                                (6) 

L is the distance between the sample and the RHEED screen. k and θ are the wave vector 

and the grazing incident angle of the high-energy electron, respectively. Note that the 

specular spot is symmetric along the y direction.     

 

We further separate the spot (0, 0) into two parts from the center along the z direction 

with the height of longer part defined as c1 and the shorter part as c2 (see Figure 1(c), 

c=c1+c2). When the rod is thin, c1/c2 is close to 1, but becomes much larger than 1 if the 

rod becomes wide. Both the ratio c/b between the vertical to lateral size of the (0, 0) 

spot and the ratio c1/c2 between the upper and lower vertical size are calculated as shown 

in the following Equation (7) and (8). Because of the asymmetry of the rod along the 

vertical direction discussed in section 2.3, the correction factor of 𝑒𝑘𝑑𝜎2
 is added in 

Equation (8). 

𝑐

𝑏
=

𝑘𝑡𝑎𝑛𝜃(𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃−
𝑑

2𝑘
)−𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃+

𝑑

2𝑘
))

𝑑𝑐𝑜𝑠𝜃
                                       

      (7) 

𝑐1

𝑐2
= 𝑒𝑘𝑑𝜎2 𝜃−𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃+𝑑/2𝑘)

𝑐𝑜𝑠−1(𝑐𝑜𝑠𝜃−
𝑑

2𝑘
)−𝜃

                                                             (8) 

In order to show the relationship between the surface roughness σ and the specular spot 

shape, equations of (3), (7) and (8) can be numerically calculated using a few 

experimental parameters, including θ, σ0, and k. We take θ as a typical value of 2°, k as 

14 Å-1 (corresponding to the 30 keV high energy electron) and σ0 as a typical substrate 

roughness of 1 Å. Then the value of c/b and c1/c2 are both plotted as functions of σ in 



Figure 2(a) and 2(b), which both have a minimum value of 1 and increase with σ. 

Therefore when the shape of the specular spot is close to a perfect circle, the sample 

surface is the flattest. It is important to note that the above quantitative analysis only 

applies to the RHEED pattern with only 1 spot on each diffraction line. When more 

than one diffraction spots appear on any of the nth order line, the electron diffraction 

transits from the reflection mode to the transmission mode and the above analysis 

cannot be applied anymore. 

 

2.5. The influence of the incident angle 

In the previous analysis, the incident angle θ of the high-energy electrons can be varied 

in the experimental set-up. Therefore the influence of θ on the ratios of c/b and c1/c2 

needs to be estimated. In Figure 2(c)-2(d), we plot maps of c/b and c1/c2 as functions of 

both σ and θ, with σ in the range from σ0 to 3σ0 to ensure the two dimensional growth 

and θ in the range from 1.5⁰ to 5⁰ to cover the commonly used range. It is found that the 

smaller θ generates larger c/b and c1/c2 for the same σ. At the same time, the smaller 

incident angle warrants the smaller penetration depth of the high-energy electron and 

the surface characteristiscs can be demonstrated in the RHEED pattern more 

prominently. Therefore it is favorable to decrease the incident angle in order to get more 

accurate assessments of the surface roughness/flatness. 

 

3. Experimental validation of the RHEED roughness quantification: 

characterization of LaCoO3 films as an example 

3.1. Film surface roughness quantification with high accuracy 



The LaCoO3 films were grown on (0 0 1) SrTiO3 substrates at different 

temperatures using a PLD system assisted with RHEED. The substrates were etched in 

the buffered hydrofluoric acid to obtain the TiO2 termination. All films have the similar 

thicknesses of about 30 unit cells. A high energy electron beam of 30 keV was 

employed for the RHEED measurements and the electron incident angle θ was kept at 

2⁰. More details of the growth can be found in the supporting information section 4. 

The surface roughness of ideally flat substrates with a miscut angle φ can be derived to 

be 
𝑎

2√3
𝑐𝑜𝑠𝜑, with a being the perpendicular lattice constant. For SrTiO3 substrates, a 

equals to 3.905 Å and φ is much smaller than 1˚ for the common commercially-

available ones. Thus the roughness of ideal SrTiO3 substrates with uniform TiO2 

termination is approximately 
𝑎

2√3
 (= 1.15  Å), which agrees to routine AFM 

measurements. Therefore the substrate preparation method is reliable and the as-

prepared substrate surface is indeed a good reference.  

 

The RHEED images of LaCoO3 films grown with different substrate temperatures are 

shown in Figure 3. It is observed that the shape of the (0, 0) specular spot varies 

significantly with the growth temperature. The specular spot of the film grown at 560 ℃ 

is difficult to be recognized, which is almost a line segment rather than a spot. It 

indicates large c1 and c2 of the reciprocal lattice rod associated with a rough surface in 

real space. The RHEED image of the film grown at 620 ℃ is almost the same as that 

of the substrate. The shape of the specular spot is close to a round circle. It means that 

c is very close to b, indicating a very smooth surface as discussed in section 2.4. But 

the specular spots of films grown at 580 ℃ and 600 ℃ are both of the elliptic shape, 

indicating a relatively rough surface in real space. The above qualitative analysis 

indicates the quantitative difference of the surface roughness. 



 

Next the intensity distribution of (0, 0) specular spots of the above discussed films are 

quantitatively analyzed. In Figure 4(a), all distributions of (0, 0) spot intensities in the 

y direction are shown. As the absolute intensity depends on the current of the electron 

gun, it is difficult to compare the absolute values of the specular intensity. Instead it is 

easy to compare the FWHM (shown as b) of the intensity distribution, which slightly 

varies with the growth temperature. While it is symmetric along the y direction agreeing 

to the theoretical analysis. Figure 4(b) shows the intensity distribution along the z 

direction, which is found to be asymmetric (c1≠c2) and c1/c2 strongly varies with the 

growth temperature. The experimental values of b and c1/c2 are summarized in Figure 

4(c). In principle, both the c/b and c1/c2 data can be used to calculate the surface 

roughness. But the change of b is very small, about 1 pixel in the charge coupled device 

(CCD) used to capture the RHEED images, which is comparable to the error of 

measurements. Thus the ratio of c1/c2 with better resolution is used to analyze the 

roughness of the surface. On the other hand, if the CCD with higher resolution can be 

used, the ratio c/b can also be used to calculate the roughness. Using the c1/c2, the 

roughness of each film is calculated by Equation (3) and (8). The values of surface 

roughness measured by ex-situ AFM measurements are compared to the calculated σ 

in Figure 4(d). The AFM measurements were all conducted with clean and new tips in 

order to achieve the best resolution. It clearly demonstrates that for all films, the 

calculated roughnesses using the RHEED pattern agree well with the accurate AFM 

measurements. More strikingly, the resolution of such new method is shown to be down 

to ~ 0.1 Å. It also competes with the currently accessible roughness measurements with 

the highest precision including the scanning tunneling microscopy.[29] In the future, the 

resolution can be further enhanced if the image resolution of RHEED is improved. 



 

3.2. The real-time layer-by-layer roughness quantification during the growth 

To further verify the feasibility of the in-situ and real-time roughness measuremtents 

for each as-grown monolayer, the time evolutions of surface roughness were studied 

for two LaCoO3 films of randomly chosen growth conditions, as shown in Figure 5. 

Details of the growth can be found in the supporting information section 4. For both 

samples, RHEED intensities of the (0, 0) specular spots are also shown, which oscillate 

with the deposition time, implying the layer-by-layer growth mode. The surface 

roughnesses exhibit similar oscillating behaviors during the growth, which are 

consistent with the layer-by-layer growth mode. However, the intensity oscillation (IO) 

curves (red lines) and the roughness oscillation (RO) curves (black lines) demonstrate 

drastically different details. In Figure 5(a), with deposition time increasing, the overall 

intensity of the IO curve increases while the IO amplitude remains similar. In Figure 

5(c) both the overall intensity and the amplitude of the IO curve decrease with time. On 

the other hand, the RO curves in Figure 5(a) and 5(c) show that the layers in the latter 

have smaller roughnesses than those in the former. It is also found that the IO does not 

remain exactly out of phase with the RO, as shown in both Figure 5(a) and 5(c). 

Previously, it was not possible to obtain the layer roughness from the IOs of RHEED.[30] 

In contrast, the currently developed spectral profile measurement technique of RHEED 

provides direct access to the vertical roughness of every as-grown layer. It is a 

convenient new method to in-situ monitor the film and interface quality during the 

growth, and provides quick feed-backs for further in-situ control. 

 

4. Conclusion 



In conclusion, we study the spectral profile of the (0, 0) specular spot of RHEED and 

its quantitative relationship to the surface roughness. The direct relationships between 

the surface roughness and the specular spot profile, including c/b of the spot width along 

z and y directions and c1/c2 of the top and bottom size along the z direction, are 

theoretically constructed and mathematically derived. The key modulations to the ideal 

scattering model are thoroughly considered. To testify the model, LaCoO3 films grown 

on (0 0 1) SrTiO3 substrates at different temperatures were used as examples and their 

surface roughnesses were characterized using such a quantitative RHEED technique. 

The derived in-situ surface roughness agree well with the ex-situ AFM measurements, 

featured with a resolution down to ~ 0.1 Å which is competitive to the current high-

precision roughness measurements. Furthermore the real-time roughness 

characterization is performed and the layer-by-layer roughness oscillations are 

observed, which was previously not possible to achieve. Our study provides a facile in-

situ method to measure the layer-by-layer roughness of thin films and heterostructures 

in real time, which is expected to play a critical role in boosting up the synthesis 

efficiency while maintaining the excellent quality control. The current study paves the 

way for future high efficiency thin film fabrications, such as the AI-assisted thin film 

growth. 

 

  



 

Figure 1. (a) Schematic diagram of the Gaussian distribution of particles on a rough 

surface. (b-e) Three-dimensional (3D) illustrations of the RHEED pattern. (b) The 3D 

model of Ewald sphere constructed with the reciprocal lattice rods. (c) The side view 

and (d) top view of the projected intersections of the Ewald sphere with the reciprocal 

lattice rods. d is the width of the rod. k is the wave vector. θ is the incidence angle of 

the electron beam. b and c are the length of the (0, 0) specular spot along y and z 

directions. c1 and c2 are sizes of the top and bottom parts of the distorted (0, 0) specular 



spot respectively, along the z direction. (e) The schematic RHEED pattern on the 

phosphor screen.   



 

Figure 2. Quantitative analysis of the specular-spot intensity profile. (a) The c/b and 

(b) the c1/c2 as functions of the roughness σ, both with the incident angle θ being 2°. (c) 

The contour plots of c/b (d) c1/c2 as functions of σ and θ. The scale bar on the right 

shows the color correspondence to values of c/b and c1/c2. 

  



 

Figure 3. (a) The RHEED patterns and (b) AFM images of the SrTiO3 substrate and 

LaCoO3/SrTiO3 films grown at different temperatures. The AFM images were taken on 

samples grown at 560 ℃, 580 ℃, 600 ℃, 620 ℃, 640 ℃, and the SrTiO3 substrate 

from left to right. The AFM measured roughness is 2.6 Å, 1.8 Å, 1.4 Å, 1.3 Å, 1.9 Å, 

and 1.1 Å respectively. (The white scale bar in the AFM images is 200 nm.) 

  



  

Figure 4. The roughness quantification using the intensity distribution of the (0, 0) 

specular spot for samples grown at different temperatures. (a) The intensity distribution 

along the y direction (b) along the z direction. b represents the FWHM of the y-direction 

intensity profile. c1 and c2 represent the left and right part of the FWHM of the z-

direction intensity profile. (c) The b and c1/c2 data summarized from (a) and (b). (d) 

The RMS roughness values obtained from the RHEED and AFM measurements in 

comparison.  

  



 
Figure 5. The real-time analysis of the RMS roughness of LaCoO3 films. (a), (c) The 

in-situ characterized RMS roughness and the RHEED intensity oscillations of two 

LaCoO3 thin films grown at random conditions. For clarity, only a few periods of the 

entire layer-by-layer growth are demonstrated. (b), (d) The RHEED images at the 

beginning and end of the growth durations shown in (a), (c) respectively. 
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