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Abstract. We describe a coherent undergraduate educational program in nanoscience and nano-
engineering at the University of Rochester (UR) based on the Institute of Optics and Integrated
Nanosystems Center resources. This project has three main outcomes: (1) developing a curricu-
lum and offering the Certificate in Nanoscience and Nanoengineering (CNSNE); (2) creating an
exemplary model of collaboration in nanotechnology between a university with state-of-the-art,
expensive experimental facilities and a nearby two-year community college (CC) with the
participation of the local Monroe Community College (MCC); and (3) developing universally
accessible “hands-on” experiments (mini-labs) on nanophotonics/quantum nanophotonics, learn-
ing materials, and pedagogical methods to be introduced in some Institute of Optics classes from
freshman to senior levels. The inexpensive mini-labs described herein can be adopted in small
colleges. An important outcome of this project is that ∼50% of the 41 awardees of the CNSNE
(by May 2021) after graduation continued their career in the field of nanoscience and nano-
engineering. For the CNSNE program, UR students must take three courses: Nanometrology
Laboratory (a new course specifically created for this program) and two other selective courses.
Students should also conduct a one-semester research or design project in the fields of nano-
science and nanoengineering. A total of 52 MCC students (including non-science, technology,
engineering, and mathematics major students) participated in two labs at the UR on atomic force
microscopy and photolithography in a clean room. Our teaching methodology, the progress
of students’ learning outcomes, and the investigation of students’ attitudes and self-efficacy
toward selecting their careers in nanoscience/nanotechnology are also discussed and analyzed.
Discussions on the challenges in teaching advanced lab classes during the pandemic, our
solutions for preserving the CNSNE program, and lessons learned are also included. © 2022
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.61.8.081810]
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1 Introduction

We describe a successful project at the University of Rochester (UR) that addresses one of the
most important issues in modern engineering education, geared toward increasingly important
technological problems. Nanotechnology offers undisputed potential for creating new materials
and devices with wide-ranging applications. A key aspect of government-funded research through
the National Nanotechnology Initiative1,2 is the education and training of students and researchers.1

Universities are challenged to enable the future workforce to further develop these new ideas,
as well as to provide students with “hands-on” experience in nanotechnology methods and tools
for today’s jobs; see, for instance, some publications on student training in nanotechnology.3–23
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Modern students should be (1) fluent in nanoscience and nanotechnology terminology,
(2) able to define nanoscience, nanotechnology, and nanodevices, (3) able to frame nanotech-
nology questions and propose strategies to answer them, (4) able to operate evolving nanotech-
nology characterization tools [science, technology, engineering, and mathematics (STEM)
majors], and (5) able to choose a research career in nanoscience/nanotechnology (STEM
majors). We emphasize that nano-optics is closely connected with quantum optics, which leads
to overlapping classes and projects in these two areas; thus, the field is adequately called quan-
tum nanophotonics.

According to Ref. 24, 164 academic institutions around the world offer a total of 279 degree
programs in nanotechnology fields (refer to a database with listed universities24); however, there
is a lack of comprehensive papers on all university programs in nanotechnology.14–16,18–23

The novelty of this paper is related to the outcomes of our project:21–23 (a) creating a coherent
educational program at the UR on the Certificate in Nanoscience and Nanoengineering (CNSNE,
Sec. 2); (b) creating an example model for other universities of collaboration in nanotechnology
between a university with state-of-the-art, expensive experimental facilities and a local, two-year
community college (CC) (Sec. 3); and (c) developing “hands-on” experiments (mini-labs), learn-
ing materials, and pedagogical methods to educate students with different levels of knowledge,
including non-STEM-major CC students (Sec. 4). The mini-labs were introduced into various
UR courses from freshman to senior levels. Based on an earlier, National Science Foundation
(NSF)-supported collaboration between the UR and Monroe Community College (MCC) in
teaching quantum optics laboratory,25–28 UR and MCC strengthened this collaboration in
nanotechnology education. In Sec. 5, we analyze (1) our teaching methodology and compare
it with other publications, (2) the progress of students’ educational learning outcomes, and
(3) the results of surveys of students’ attitudes toward selecting their careers in nanoscience/
nanotechnology.

Section 6 describes the challenges in adapting the CNSNE program to the two pandemic
years, the specific recording equipment used to teach remotely advanced laboratory classes in
quantum optics and nanometrology, our approaches, and lessons learned.

During the 2014–2017 period, this project was supported by a U.S. NSF grant “NUE:
Development of Multidisciplinary Nanotechnology Undergraduate Education Program at UR
Integrated Nanosystems Center (URnano).” In December 2021, UR provided updates at the
NSF Nanoscale Engineering Grantees Conference.23 Information about the CNSNE program
and training quantum and nanotechnology workforce at UR is located on a specific website.29

In Secs. 1.1 and 1.2, pertinent background information is provided about the URnano at the
UR and MCC.

1.1 University of Rochester Integrated Nanosystems Center

The URnano was created in 2011 through funding from various U.S. government agencies with
grants totaling four million dollars. NY Congresswoman L. Slaughter aided in obtaining these
grants. This center is truly interdisciplinary, involving faculty and students from the departments
of optics, chemistry, physics, biomedical, chemical, mechanical, and electrical engineering and
the UR Medical Center.

Currently, UR has a centralized 2000-square-foot, class-1000, clean-room nanofabrication
facility linked with nanometrology instruments. URnano houses scanning electron (with a
focused ion beam), transmission electron, atomic force, and optical microscopes; deposition and
etching equipment; and devices capable of lithography at nanoscales. The real-world applica-
tions pursued at URnano include new fuel cells, new dialysis techniques, and new devices for
detecting ultra-small quantities of biological materials. The URnano website is provided.30

URnano also offers training to faculty, students, and outside researchers to become certified in
the use of these tools.

1.2 Monroe Community College (Rochester, New York)

MCC’s Engineering Science/Physics program is a rigorous academic curriculum designed to
facilitate transfer into B.S. Engineering/Physics programs.31 To date, the graduates of this
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program have transferred to over 30 four-year institutions in NY State and nationally, and the
MCC has 2þ 2 dual admission agreements with UR biomedical, chemical, electrical, and
mechanical engineering, and optics. In addition to STEM majors, non-STEM liberal arts majors
benefited from collaboration with UR. About ∼44% of MCC students are minorities, and 58.7%
are women (data of fall 2020).

2 UR Program on Certificate in Nanoscience and Nanoengineering
for Undergraduate Students

Since 2015, 45 undergraduate students from different UR departments (39 students from optics,
three students from biomedical engineering, one student from chemical engineering, one student
from the IDE program, and one foreign university student) completed the program on CNSNE
by May 2022. Thirty-seven of them completed the program after ending the NSF grant. Before
describing the details of the program, we present the results of our study on career paths after
graduation. We followed the career paths of the 36 awardees as of May 2021. Figure 1 shows that
50% of the 36 awardees selected nanoscience/nanotechnology careers [the right data bar (orange
color)], 50% of all awardees stayed in academia (graduate students), ∼41.7% selected business,
one student selected the US Navy, one student went to the National Laboratory, and one student
had not graduated yet. From the awardees in academia, 60% are working on projects connected
with nanoscience/nanotechnology, and 40% of awardees in business are working in nanotech-
nological companies.

Here is an excerpt from one student’s letter to one of the organizers of this program after
receiving the Certificate:

“After taking the nano-metrology courses, I have decided to pursue a Ph.D. in photonics and nano-
scale optical devices. I loved what I learned, and I want to continue doing this.”

Currently, this student is working on a PhD thesis in École Polytechnique Fédérale de
Lausanne, with a recent journal publication devoted to nano-emitting heterostructures.

The CNSNE program has the following requirements for completion (see Fig. 2):

1. A required four credit-hour laboratory course OPT 254/PHY 371 “Nanometrology
Laboratory.” This new course started in the spring of 2015 and was specifically prepared
for this program.

2. The students’ selection should contain two other courses with nanotechnology content
(refer to the list of possible courses shown in Fig. 2).

3. A full-semester research or design project related to nanoscience or nanotechnology.

The Institute of Optics administration, the Dean’s office of the Hajim School of Engineering
and Applied Sciences, and the UR Laboratory for Laser Energetics financially supported this

Fig. 1 Histogram showing career selection of the CNSNE awarded students (graduated by May
2021). The right bar (orange color) indicates a percent of students working in nanoscience/
nanotechnology.
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program after ending the NSF grant (covering URnano fees, material costs, and adjunct instruc-
tors’ salaries).

2.1 Required Nanometrology Laboratory Class (OPT 254/PHY 371)

The prerequisite class for the Certificate, Nanometrology Laboratory OPT 254/PHY 371,
quickly became popular: the clean-room limited the maximum number of students from
six to eight students. The instruction proceeds entirely through direct student-professor contact
at all times. Three-course modules were taught by three instructors: (1) electron microscopy
[scanning electron microscopy (SEM) and transmission electron microscopy (TEM)], McIntyre
and Lukishova; (2) optical microscopy (wide-field and confocal fluorescence microscopy of
single nanoemitters), nanoobjects/nanoengineering/quantum nanophotonics, Lukishova; and
(3) atomic force microscopy (AFM) (started by Papernov and continued by Lukishova). The
electron microscopy module consists of (1) six 1.5-h lectures and two 2 to 3-h labs (SEM and
TEM), (2) the optical microscopy module includes five 1.5-h lectures and four 1.5-h labs, and
(3) the AFM module contains two 1.5-h lectures and three 1.5-h labs.

Throughout the semester, students face three exams (in each module separately) and are
required to submit individual lab reports for each module (during the pandemic years, students
submitted an essay on electron microscopy instead of a lab report).

2.2 Undergraduate Research and Design Projects

The scientific direction of research topics for CNSNE depends on a specific department. UR is a
top research university with professors leading cutting-edge projects; therefore, all students
working toward their certificates are members of strong scientific groups. Design projects are
created based on industry demands to solve technological problems of companies. For design
projects, students working in groups of three to four have two advisors: a company representative
(primary customer) and a UR faculty member. During the two-semester-project, students regu-
larly communicate with primary customers, although the design projects are conducted at the
UR. In addition, all design and senior thesis projects are discussed and graded in a separate class,
OPT 320/321 Senior Design and Senior Thesis (Professor Knox), which includes more than
CNSNE projects. After this class, students submit reports, deliver talks, and present posters on
UR Senior Design Day. Table 1 gives the statistics of various stakeholders on the accomplished

Table 1 Stakeholders’ statistics of completed research and design
projects toward the CNSNE.

Students Professors Companies

Research projects 37 40 —

Design projects 8 4 4

Fig. 2 Requirements for the program on the CNSNE.
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students’ projects: 45 students (by May 2022); eight of them involved in the design, 37 in
research projects, four companies, and 44 professors participated in advising students.

Some research projects advised by the UR professors are listed below:

1. development of a micro-arrayed, label-free biosensor using theoretical and experimental
analysis of arrayed imaging reflectometry (Professor Miller’s lab, Biomedical Engineering);

2. adaptive optics scanning light ophthalmoscope (nanoscale measurements) and how it can
mitigate a disease called achromatopsia (Professor Merigan’s lab, Center for Visual
Science);

3. effects of nanoparticle-mediated siRNA delivery on human mesenchymal stem cell
proliferation (Professor Benoit’s lab, Biomedical Engineering);

4. radio frequency bias-assisted sputtering of silicon nitride thin films on silicon wafers
(Professor Cardenas’ lab, Optics);

5. silicon nitride waveguide polarization beam splitter based on a directional coupler
(Professor Cardenas’ lab, Optics);

6. polarization-sensitive atomically thin photodiode (Professor Vamivakas’ lab, Optics);
7. quantum-enabled super-resolution microscopy (Professor Vamivakas Lab, Optics);

8. plasmonic nanoantenna array metasurfaces and colloidal nanoparticles for single-photon
source applications (Professor Lukishova’s lab, Optics); and

9. fabrication of optical microcavities (Professor Krauss’ lab, Chemistry).

The stakeholders’ companies in the students’ design projects in CNSNE during these years
were ASML [nanostructure antireflection coating (primary customer Dr. Kelkar, UR faculty
advisor Professor Kruschwitz)], Harris Corp. [quantum key distribution (QKD) system design
(primary customer Dr. Bucklew, UR faculty advisor Professor Lukishova)], Sydor Optics [nano-
roughness scatterometer (primary customer Dr. Hobbs, faculty advisor Professor Knox)],
Materion [design, fabrication, and testing of new types of mid-infrared wavelength optical filters
using nanofabrication technology (primary customer Dr. Tatarek, faculty advisor Professor
Vamivakas)].

2.3 Elective Classes for the Certificate

Among the elective classes for CNSNE, the most popular class is OPT 253 Quantum and
Nano-Optics Laboratory.25–28 This four-credit-hour class consists of four, 6- to 15-h laboratory
experiments in quantum and nano-optics accompanied by lectures (see Ref. 28 of this issue in
which this class is described in detail).

Because of the lack of space in the UR Curriculum for new classes, we modified a required
class for optics and optical engineering majors, OPT 204 Sources and Detector Labs and
Lab Lectures (Lukishova) by adding content on nanoscience, nanotechnology, and quantum
nanophotonics. To satisfy Certificate program requirements, we included several new lab experi-
ments: (1) with CdSe nanocrystal quantum dot (NQD) solutions as bright fluorescence sources
and the calculation of their sizes from spectral measurements; (2) on measurements in a spectro-
photometer, a reflectivity of liquid crystal photonic bandgap material showing photonic stop
band; and (3) comparison of photon statistics from laser- and pseudothermal-light sources with
a single-photon counting detector, which is widely used in nanoscience. In addition, in the
two lecture workshops on lasers and nonclassical light sources, nanolasers and nanophotonic
advances for antibunched photon sources and entangled and squeezed-photon sources are
discussed. In Sec. 4, more details are described on the introduced mini-labs in nanophotonics
(see also Ref. 28 of this issue for quantum optics experiments of this class).

2.4 Undergraduate Students’ Training Abroad During the Summer of 2016

In the summer of 2016, nine UR optics undergraduate students took part in educational events in
Moscow and St. Petersburg as part of the U.S.–Russian collaboration.32–34 In Moscow, UR stu-
dents were immersed for five days in cutting-edge research, technologies, and ideas on offers by
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Russian, European, and U.S. scientists at the National Research Nuclear University MEPhI,
International School on Optics and Laser Physics.32,34 This experience also included tours of
the MEPhI’s Center on Nanotechnology with its clean-room facility for electronic components
and nano-bioengineering laboratory. UR students also visited laboratories at the Lebedev
Physical and General Physics Institutes of the Russian Academy of Sciences. These include
facilities for the growth of diamond thin films and nanocrystals with single defect centers.
The students also learned about cutting-edge research on NQDs. After one week in Moscow,
students moved to St. Petersburg to participate in research projects on photonics, nanophotonics,
and quantum information in the scientific laboratories of the International Institute of Photonics
and Optical Information Technologies of ITMO University.33,34 Two UR students had the oppor-
tunity to work directly with ITMO researchers on a QKD system. Before becoming quantum
network operators, they learned about QKD through lectures and seminars. They performed a
secure transfer of encrypted messages that contained the logos of both UR and ITMO between
two ITMO buildings. After returning to Rochester, one of the students used the skills acquired in
ITMO to set up an in-air orbital-angular-momentum QKD system between two UR buildings.34

After the ITMO researches, each UR student delivered 15-min talks about their results and
obtained the Certificates of this School on Photonics. These collaborations with Russian insti-
tutions were outlined in the magazine of the Optical Society OSA (Optica) Optics & Photonics
News.34 Some students’ comments in their written interviews after their MEPhI visit were as
follows:

1. . . . The lab tour I liked the most would be the tour of the laboratories of MEPhI scientific-
educational center “Nanotechnologies.” This was my first time attending a lab focusing on
nanotechnology. . .

2. . . . Some of my favorite lectures were “Carbon Photonics” given by Professor Vitali I.
Konov, “Organic Nanophotonics” given by Professor Alexei Vitukhnovsky, and “Laser
printing of sensing plasmonic nanostructures” given by Dr. Yuri N. Kulchin. My favorite
labs were laser and nanotechnologies centers’ labs. I was fascinated by the two different
lithography systems of laser lithography and electron beam lithography during my visit to
the nanotechnology center in MEPhI. . .

Several students on this trip have already been awarded the UR CNSNE.

3 Training Local Monroe Community College Students at the UR

This section describes the joint efforts of UR and MCC in forging an exemplary model of col-
laboration between a research university with strong programs in science and technology and
modern experimental facilities and a local two-year CC. One of the challenges faced by physics
courses at CCs is the lack of student activities in modern experiments. A typical lab consists
predominantly of replicating nearly 100-year-old experiments (photoelectric effect, hydrogen
spectroscopy, etc.). The addition of state-of-the-art lab experience makes the course truly modern
and provides a strong motivating force for future STEM studies. Experience at the URnano
enhanced the laboratory portion of MCC’s modern physics course, helping prepare MCC
students for employment and making it easier for students enrolled in the 2þ 2 transfer option.
In addition, liberal arts students taking the MCC Physics for non-majors course enlivened a
broader outreach.

The NSF NUE grant strengthened the UR–MCC collaboration that was supported earlier
by two previous NSF (Course, Curriculum, and Laboratory Improvement programs) grants on
quantum and nano-optics laboratories. From 2009 to 2013, 90 MCC students conducted two
3-h labs (single-photon interference, entangled photons, and Bell’s inequalities) in two-week
stints at the UR. During 2014–2015, another 52 MCC students with NSF NUE grant support
conducted two labs at the UR described in this section. Professor P. D’Alessandris led the project
for the MCC.

After completing the lab activities, the MCC students answered conceptual and quantitative
questions about the experiments. The evaluation showed a high percentage of correct answers.
The formative evaluation showed a positive MCC student response to this experience (refer to
Sec. 5).
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In the spring of 2014–2015, 52 MCC students were trained on a compact AFM, EasyScan 2,
Nanosurf (Lukishova’s laboratory). During a 3-h lab, they measured the topography of
nanodiamonds.

In collaboration with the URnano (McIntyre), a 3-h lab on photolithography in a clean room
was developed for MCC students. For example, several groups of MCC students prepared MCC
and UR logos using photolithography and vacuum deposition of metal. Before the lab, students
were trained in clean-room habits; therefore, they were approved in the facility admission quiz.

4 Mini-labs on Quantum Nanophotonics and Quantum Optics
in Required UR Classes

This section describes examples of two mini-labs that were introduced in the required class OPT
204 “Sources and Detectors Labs and Lab Lectures” with ∼40 students every spring semester
(Lukishova). These 15-min labs can be easily introduced in any lab or lecture classes with
demonstration experiments.

4.1 Using Schrödinger Equation for Calculation of Sizes of Quantum Dots
from Spectral Measurements

We adopted the idea of this mini-lab from the NanoSys Company, which offered some teaching
materials for sale. The UR used NQDs with different fluorescence wavelengths from the UR
Chemistry Department (Krauss).

The electronic and optical characteristics of NQDs are driven by their size and shape. For
example, the bandgap of a semiconducting NQD is inversely proportional to its size. In fluo-
rescence applications, the frequency of the emitted light shifts as the size of the quantum dot
decreases.

For a semiconducting NQD to produce photoluminescence, an exciton (electron–hole pair)
must be created. Photoluminescence results from the recombination of each pair. In this labo-
ratory, excitons are created by the absorption of UV or blue light.

Solutions of colloidal NQDs in vials were excited by either the blue light of a laser pointer or
a special UV source, as shown in Fig. 3(a). Students wore UV-protective goggles during the
experiment. NQD fluorescence spectra were recorded using an Ocean Optics spectrometer
[Fig. 3(b)].

To calculate the size of the NQDs from their fluorescence wavelength maximum, the NQDs
were modeled as quantum particles in a box with discrete energy levels. From the solution of
the time-independent Schrödinger equation for a particle in a box (infinite potential well) in
a three-dimensional case, the dependence of energy E on the radius R is derived in the form

Fig. 3 Nano-mini-lab #1 of the OPT 204 class sources and detectors. (a) Three solutions of NQDs
and the UV source for excitation of NQD fluorescence. (b) A typical fluorescence spectrum of
NQDs.
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EQ-TARGET;temp:intralink-;e001;116;735E ¼ ℏ2π2

2meR2
þ ℏ2π2

2meR2
þ Eg: (1)

Here, Eg ¼ 2.15 × 10−19 J; me ¼ 7.29 × 10−32 kg; mh ¼ 5.47 × 10−31 kg; Eg corresponds to
the energy of the semiconductor bandgap; and me and mh are the effective masses of the elec-
trons and holes, respectively. From Eq. (1), the sizes of quantum dots from spectral measure-
ments of their fluorescence can be calculated.

4.2 Cholesteric Liquid Crystal Photonic Bandgap Structures and
Their Application in Quantum Optics

Planar-aligned cholesteric-liquid-crystal (CLC) structures exhibit one-dimensional (1D) pho-
tonic bandgaps (light at a certain frequency band is reflected) for the handedness of circularly
polarized light, the electric field vector of which follows the rotation of the CLC molecular
director. The stopband is centered at wavelength λo ¼ pðne þ noÞ∕2, where p is the pitch of
the CLC spiral structure and ne and no are the extraordinary and ordinary refractive indices of
the molecules, respectively. The bandwidth of the transmission stopband is given by Δλ ¼
pðne − noÞ.

Planar alignment of CLC materials is among the simplest methods for the preparation of
photonic bandgap structures. They can be prepared from a cholesteric oligomeric powder by
heating the powder between two cover-glass slips on a hotplate (∼70°C to 100°C) to the liquid
state. In the liquid state, the cholesteric material is sheared between substrates for planar align-
ment. Once cooled to a glassy (solid) state, the liquid crystal alignment remains preserved.
Attractive colors appear from the initially uncolored powder oligomers, indicating photonic
bandgap (selective reflection) structures. Using a monomeric (liquid form at room temperature)
CLC, the preparation of a photonic bandgap requires only 1 min. A drop of a monomeric,
cholesteric liquid crystal should be placed between two glass slips; after shearing, a uniform
color from an initial milky liquid crystal appears.

This lab was very popular among middle and high school students and their parents during
the Institute of Optics Family Day. OPT 204 students measured the reflectivity of the prepared
CLC photonic bandgap structures during their lab on spectroscopy of different light sources and
radiometry using a Konica Minolta CM-3700 A spectrophotometer with an integrating sphere
[Fig. 4(a)]. The inset (left) shows samples of the photonic bandgap CLC structures. The spectral
dependence of the reflectivity of a sample is shown in Fig. 4(b) (spectrophotometer user interface).

Liquid crystal examples were used in an OPT 204 lecture workshop on nonclassical
light sources.35,36 Entangled sources, indistinguishable photons, and a Hong-Ou-Mandel
interferometer37 were described, and examples of experiments with 1D photonic bandgap CLC
structures in a Hong-Ou-Mandel interferometer at the Institute of Optics were discussed.38–41

In addition, students learned about single-photon sources based on single-emitter fluorescence

Fig. 4 Nano-mini-lab #2 of the OPT 204 class Sources and Detectors. (a) Input port of an inte-
grating sphere inside a spectrophotometer. CLC samples between two glass substrates are
shown in the insert. (b) A selective reflection curve (spectral dependence of reflectivity) of the
photonic bandgap CLC structure was obtained on this spectrophotometer.
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in planar-aligned liquid crystal hosts and other micro- and nanostructures for tailoring the prop-
erties of the emitted single photons.35,36

5 Pedagogical Research on Students’ Learning

How do we know whether students are learning? What did they learn? How well did they learn?
What are the outcomes of their learning? To answer these questions, we used two evaluation-
methodology approaches:

1. a qualitative approach (individual and group interviews, focus group technique, observa-
tions, end-of-course evaluations, student surveys, content analysis of student reports) and

2. a quantitative approach (grades and questionnaires).

For pedagogical research, we collaborated with the external evaluator, J. Zawicki (State
College at Buffalo). This section provides examples of evaluating the knowledge of student
groups with different levels of experience and demonstrates progress in educational outcomes
for nearly all students.

5.1 Students of Monroe Community College

The following is one example from the spring of 2015 involving MCC students. They completed
both pre- and post-experience Cleanroom Access quizes. The pre-assessment was delivered prior
to formal instruction and lab experience at the UR, although during lectures at MCC, all ques-
tions were discussed; post-assessment measures were administered following the labs. The ques-
tions of this quiz are shown in Fig. 5, which also includes the pre- and post-test item scores,
pre-test/post-test changes, and normalized gain scores. Gain scores were calculated as follows:

EQ-TARGET;temp:intralink-;e002;116;427Gain ¼ ðPost − PreÞ
ð1.00 − PreÞ : (2)

Students were generally able to answer the five questions, addressing general working pro-
cedures, at the mastery level (>83%) even on the pre-test. Students were able to respond to the
need for gloves and glasses, as well as for a buddy. The two questions addressing the use of
calcium gluconate and the proper response to skin contact with hydrofluoric acid were the most
difficult for students. Only 58% of students correctly answered questions about calcium gluc-
onate in a pre-test and post-test quiz. Selecting three correct options of what to do in a case of
skin contact with hydrofluoric acid from six options, most students answered unsatisfactorily,

Fig. 5 Evaluation of knowledge of MCC students (provided by Professor Zawicki): A Cleanroom
Access quiz (maximum pre-test and post-test value equal to 1 corresponds to 100% of students
correctly answering this particular question).
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even with negative gain scores. The instructors should find better ways to explain to students
these important safety issues in a photolithography laboratory. However, most of the data pro-
vided evidence that MCC students were benefiting from the laboratory experiences at the UR.

5.2 Technical Elective OPT 253 Class Quantum and Nano-Optics Laboratory
(Sophomores-Seniors)

UR students of this advanced lab class (Sec. 2.3) were also evaluated with the help of Professor
Zawicki. OPT 253 was taught as a technical elective class with a maximum of twenty students in
the class. In fall 2015, eleven students completed both pre- and post-assessments on an AFM
quiz. The questions and the assessment data (item difficulties both pre- and post-experience,
the change in item difficulties, and the normalized item gain scores) are shown in Fig. 6.

All five questions, which addressed the operation and significance of AFM, were initially
tested and ranged from 0.55 to 0.82 difficulty level. The post-test scores for these items ranged
from 0.91 to 1. Gain scores ranged from 0.5 (what is the difference between a profilometer and
an AFM?) to 1 (all other questions). The data provides substantial evidence of student learning.

Success in bringing advanced quantum photonics and nano-photonics concepts to under-
graduate students was evaluated by a written survey of these eleven undergraduate students with
the following questions:

1. Did the labs help you to understand some concepts of quantum physics?
2. Did the labs help you understand some concepts of nanooptics?
3. Did the lab increase your interest in quantum mechanics, nanotechnology, or optics?
4. Was it helpful to include an AFM lab for topography measurements of nanoemitters that

you used for fluorescence excitation?

All students answered “yes” to these questions. One typical example of students’ answers
follows:

“After completing these labs, I have gained a better appreciation for the field of quantum mechanics
and nanotechnology. Going forward, I would like to continue taking courses in this field to expand my
knowledge even further.”

5.3 OPT 254/PHY 371 Nanometrology Laboratory Class, Required
for CNSNE (Sophomores-Seniors)

The survey was conducted in the spring of 2022 with five highly motivated students after
finishing this advanced Nanometrology Laboratory class (see Sec. 2.1). Practically all students

Fig. 6 Evaluation of knowledge of OPT 253 students (provided by Professor Zawicki): An AFM
quiz (maximum pre-test and post-test value equal to 1 corresponds to 100% of students correctly
answering this particular question). Later an AFM lab was transferred to the OPT 254 class.
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taking this class are working toward the CNSNE, and their grades, both for lab reports and
quizzes, sometimes exceed the maximum 100 points for each assignment. We conducted a study
on the self-efficacy of these students. According to Refs. 42 and 43 and a definition of Ref. 44,
self-efficacy is a set of beliefs about an individual’s own capacity that impacts an individual’s
choices and the effort that they put forth to complete a task and accomplish goals. For this study,
two questions were included in the survey:

1. Will you be able to work in a company with applications in nanotechnology or select your
career in an academy or government laboratory in this field?

2. Are you confident that you will succeed in working in nanotechnology/nanoscience
applications?

All of the students answered yes to both questions. For instance, one student answered that
she is more confident now after taking this class.

Another survey asked about the work environment in nanotechnology and what they would
do on a daily basis if they chose this career path. All students preferred a lab environment
over modeling, for instance “making samples, preparing experiments, testing new methods.”
Answering a multiple-choice questionnaire about future careers after college, all students
selected “science/engineering/medicine.” One student also added education/teaching, one added
patent law, but nobody selected business.

5.4 OPT 204 Sources and Detectors Labs and Lecture Class
(Juniors-Seniors) with Nano-mini-labs

The 15-mins “nano-mini-labs” introduced to OPT 204 are described in Sec. 4. In spring 2022,
we conducted two pedagogical research surveys in this class: (1) on students’ understanding of
nanoobjects and nanostructures and (2) on students’ attitudes toward working in nanotechnol-
ogy, including their self-efficacy. Figure 7 shows two questions and a histogram from a final
“Big” quiz of the percent of 42 students answering correctly these questions on nanoobjects
and nanostructures that they investigated in their lab on spectroscopy of different light sources
and materials. Almost all students answered either correctly (76.2/66.67%) or partially (23.8/
28.57%) to these questions. Partially means that these students did not describe experiments with
nanoobjects/nanostructures although they identified both NQDs and CLCs photonic bandgap

Fig. 7 Evaluation of knowledge of OPT 204 students from the final “Big” quiz. TOP: two questions
on nanotechnology; BOTTOM: a histogram of the percent of students answering correctly,
partially, and incorrectly these two questions.
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structures. Only two students (4.76%) were unable to identify cholesteric liquid crystal photonic
bandgap nano/microstructures characterized in a spectrophotometer.

Two surveys were conducted at the end of the semester on students’ attitudes toward nano-
science and nanotechnology. The questions of the first survey are listed in Fig. 8. Figure 9 shows
four histograms of a percent from 34 students answering these questions. Although 87.9% of
students are interested in nanotechnology, only 33% of them are thinking about a career in this
field. Question #3 in Figs. 8 and 9 was practically the same as the two questions together in
Fig. 7, but the survey of Fig. 8 was done shortly after the last lab ended and students answered
this question without preparation, in contrast with the Fig. 7 questions of a graded “Big” quiz.
Interestingly, almost the same percentage of students (72.7%) answered correctly question #3 in
Fig. 8 as in the “Big” quiz, but 27.3% did not know the answer at all. At least partially, these
students answered questions after preparing for the “Big” quiz (Fig. 7).

The second survey, with 23 students, was devoted to self-efficacy and students’ expectations
of the work environment in the field of nanotechnology. The results of this class with only two
15-mins nano-mini-labs are different from those of the Nanometrology Laboratory class. Two
questions from this survey are shown in Fig. 10. From this survey, only 52.2% of students are
confident that they will succeed. Some of them suggested further learning in this field. 39.1% are
not confident, and 8.7% suggested that to be confident they will need to take more classes on

Fig. 8 Survey # 1 of OPT 204 students: a list of questions (Q) (see also Fig. 9).

Fig. 9 Survey # 1 of OPT 204 students. Four histograms of percent of students answering each of
four questions of Fig. 8: (a) Q1. Selection of a future career; (b) Q2. Interest in nanotechnology;
(c) Q3. Remembering nanoobjects and nanodevices from the labs; and (d) Q4. Thinking about
a career in nanoscience/nanotechnology.
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nanotechnology. Answering the second question about the work environment, 30.4% of students
prefer a lab environment, 2% modeling, 2% both laboratory and modeling, and 52.2% of them
are not sure what their work environment will be. The results of the Fig. 10 survey show the
necessity for including information about real-world industrial and research environments in the
field of nanotechnology within this class format on optical sources and detectors. Yet, the format
of this class with four labs and seven lectures and its assignments is accepted by the students.
For instance, here is an excerpt from an e-mail of a recent student:

“The format of the labs and lab reports has greatly increased the amount I feel like I have learned
during this course.”

6 Hybrid Teaching of Advanced Labs and Their Lecture Classes
during a Pandemic

The 2020-2021 COVID-19 pandemic has caused enormous damage to the economy.45,46

Education with the concentration of students in universities and schools has become one of the
most vulnerable areas,47 especially in connection with the lockdown and the sudden transition to
distance learning occurring only within a few days. Multiple universities’ accommodations to
this critical situation are described in multiple recent publications; see, for instance, Refs. 44 and
48–57. Considering a well-organized website, many experts’ ideas and resources of research-
based pedagogical principles for teaching labs online during lockdown are discussed.48

The UR program on CNSNE that required advanced, upper-division lab classes faced chal-
lenges. During a week before a lockdown in the middle of March 2020, when the semester was
halfway in progress and the students had performed half of the lab experiments, four lab videos
were prepared and edited by TAs, with a professor carrying out the rest of the semester’s lab
measurements and providing students with all data files. In fall 2020, a lockdown was over,
but a social distance of 1.5 m became a mandatory requirement; therefore, in the small lab rooms,
only a TA and one student from a group were permitted to work simultaneously. In addition,
some students did not come back from their native countries, enrolling in all classes remotely.
Hybrid teaching of the three following advanced labs and lecture classes both through the Zoom
conference managing software and in-person continued until the summer of 2021:

1. OPT 204 Sources and Detectors Labs (11 totally remote students, and 22 “in person” in
the spring of 2021) comprised the following experiments: spectral measurements of sev-
eral optical sources, spectrophotometry, mode-locked Er-doped fiber laser; fiber stripping,
cleaving, and fusion splicing; photon statistics measurements of a laser and a pseudother-
mal source; and single-photon interference with a CMOS camera.

2. OPT 254/PHY 371 Nanometrology Laboratory (1 totally remote student, five “in person”
in the spring of 2021) contained three modules on AFM, SEM/TEM, and single-nano-
emitter confocal fluorescence microscopy and spectroscopy.

3. Undergraduate OPT 253 and graduate OPT 453/PHY 434 Quantum and Nano-Optics
Laboratory (11 students “in person” in the fall of 2020) contained the following experi-
ments: entanglement and Bell’s inequalities; single-photon interference with an EM-CCD;
and single (antibunched) photon source (confocal fluorescence microscopy and spectros-
copy of single nanoemitters and a Hanbury Brown and Twiss correlator).

Fig. 10 Survey #2 of OPT 204 students: a list of questions. The results of this survey are
discussed in the text of this paper.
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The main experiments of all three lab courses are devoted to quantum nanophotonics and
photon quantum mechanics. Photon counting instrumentation is widely used in these courses,
but single-photon counting detectors require darkness in a classroom. This section describes our
experience in teaching advanced, upper-division, and research level labs in real time via Zoom,
see also Ref. 57 with similar experience at Colgate University. According to Ref. 49, during the
pandemic, some universities delayed challenging, upper-division lab courses, requiring that
students get their “hands on the equipment.” The novelty of our approach is in reducing the
limitations in acquiring “hands on the equipment” and “hands-on” experience in remote lab
classes using high-quality, affordable recording tools controlled by Zoom and our teaching meth-
ods. These teaching methods, which allow for keeping the level of on-site quality, as well as
outcomes with advantages in students’ performance with available recorded materials, students’
involvement in the remote lab sessions, and lessons learned, are discussed in this section.

6.1 Hybrid Teaching in Small Lab Rooms: High-Quality Zoom Recording
of Upper-Division Labs

The requirement of a 1.5-m social distance permitted only one student and a TA to be in one
laboratory room simultaneously, even with personal protective equipment. Recent research
showed that, upon exhalation, a coronavirus may survive in the air in aerosols58,59 for up to
9 h.58 This is why in fall 2021 and the spring of 2022, an air purifier (Blue Pure 211*) with
a HEPA particle filter for ∼500 sq. ft room was used during all advanced lab courses. Three
“in-person” scheduled lab attendants worked 1/3 of each lab time (usually 3 h) in the lab and
2/3 of each lab time remotely through Zoom.

The quality of video recording was very important, especially because one-half of two lab
classes and the entire third lab class required darkness during measurements. The dynamic range
of the Marshall Electronics CV610-UB video camera with remote control [see Fig. 11(a)] per-
mitted us to show all details of the lab experiments in darkness to remote students and to record
videos of each lab session. The Jabra Speak 710 microphone is shown in an insert of this figure.
Remote control of the Marshall camera permits not only showing the whole setup but also

Fig. 11 (a) The Marshall Electronics CV610-UB video camera with remote control with a Jabra
Speak 710 microphone; (b) an iPhone is widely used to record small details of the experiments;
and (c) a webcam video camera does not provide the required quality of Zoom videos of lab
experiments, especially right after turning off the lights in the room.
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focusing on its particular component. In many cases, an iPhone was used for Zoom recording
even smaller details [Fig. 11(b)]. Usual webcam cameras [Fig. 11(c)] have no required quality
of video and a necessary dynamic range for Zoom video recording, especially in darkness.
Figure 12 from a recorded Zoom video by the Marshall camera shows all details of single-photon
interference experiments in spite of darkness in a laboratory.

All lab sessions were recorded, as was communication with remote students during the labs,
and all videos were uploaded to Blackboard through Panopto. Blackboard is a virtual hub for
student services that provides access to online course materials, grades, organizations, accounts,
and many other academic and campus services. Panopto is a software that provides lecture
recording, screencasting, video streaming, and video content management. All pictures of the
experiments in this section are screenshots from Panopto of recorded Zoom movies uploaded to
Panopto.

An option for “screen sharing” in the Zoom software facilitates participating in the experi-
ments of remote students. See, for instance, Fig. 13 from Panopto of AFM imaging of the topog-
raphy of a plasmonic nanoantenna array metasurface. In addition, a Zoom insert at the right top
corner of this screenshot shows (from top to bottom) a compact AFM with a controller, a student
in the lab (with a mask and a protective plastic shield), and two other students taking the lab
remotely and waiting for their time in the lab.

The most challenging labs during the pandemic years were project-oriented labs with the
purpose of students’ immersion in discovery-oriented environments, in which the results of
their work are initially unknown to both the students and the instructor but are of interest to

Fig. 12 (From a recorded Zoom video by a Marshall video camera). A single-photon interference
lab experiment recorded in the darkness. An inset shows the power meter readings immediately
after the lights were turned off.

Fig. 13 (From a recorded Zoom video with screen sharing). A user interface of an AFM Easyscan
2 (Nanosurf). An insert from a Zoom software shows an AFM, a student in the lab, and two remote
students.
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stakeholders in the broad scientific community52,53 (labs of the OPT253/OPT 453/PHY434 and
OPT 254 classes in the author’s research laboratory with complex equipment). These 1.5 to 3 h/
week “open-end”52,53 projects last 4 to 5 weeks for each of several groups of three students, with
the discussion of results in weekly lectures with all students in the class. Switching to hybrid
teaching, in the pandemic, in the labs with the single (antibunched) photon source generation and
characterization unit (see Fig. 14), five different monitors were used simultaneously in Zoom in a
lab room with switching monitors using a “pin” option, for Zoom video online in real time with
the recording. A host computer for Zoom, an iPhone, and a Marshall camera, as well as two lab
computers connected with devices for sharing their screens with data (single-emitter fluores-
cence imaging/antibunching correlation measurements) and an EM-CCD camera for spectral
measurements, were used during this lab. Owing to the Marshall camera dynamic focus, either
the whole setup [Fig. 14(a)] or an oil drop on the microscope objective can be viewed in close-up
[Fig. 14(b)]. The insert shows a recording by an iPhone at some position not accessible by the
Marshall camera. Demonstrating research experiments in real time while directing the regime of
the video production, wearing a respirator, and constantly speaking with the students through the
Jabra microphone to increase students’ engagement constitutes a less than the optimal form of
professional growth. However, real-time and instant-feedback communication with remote
students through Zoom is a reward to be cherished. One of the students took this research-level
lab while residing in Vietnam, and another logged in from Pakistan; however, all of these
students were immersed in a real research environment, learning what it means to do research
with unknown results but with the possibility of discovery.

Some advanced labs were held at the URnano facility’s TEM and SEM. URnano computers
cannot be used for Zoom—not all screens can be shared. In this case, we used either the Marshall
camera or an iPhone to record the URnano computer monitors during a scheduled class time.

6.2 Evaluation of Students’ Knowledge via Zoom and Lessons Learned

One of the main problems in online instruction is how to administer exams while suppressing
cheating, minimizing students’ anxiety, and preserving their privacy.49 In the Physics Today
paper,49 several examples of remote exam practice are outlined. In the three lab classes men-
tioned in the preface to the current Sec. 6, in the pre-pandemic years, every group of three stu-
dents scheduled for their lab was required to answer individually several questions of a graded
10-min-written quiz in the presence of a TA as their proctor. In the middle and at the end of a
semester, one to three other “Big” written quizzes with up to 25 questions were included with
proctoring. Trying to find the best solution for the remote exams in a pandemic, we declined as
unpractical any proctoring software described in Ref. 49 and selected a practice similar to that of
Carl Wieman of Stanford University:49 open book route. To understand if the students really
learned the course, additional, graded 15 to 20 min oral “Big” quizzes with the students divided
into several groups between TAs and a professor were scheduled (at a definite time for each

Fig. 14 (From a recorded Zoom video by a Marshall video camera). Remote teaching of the
research-oriented lab at the single (antibunched) photon generation and characterization unit.
(a) A confocal fluorescence microscope for single-emitter fluorescence and a Hanbury Brown and
Twiss correlator (taught by Lukishova). (b) Dropping an index-matching oil on a microscope objec-
tive. An insert from a Zoom video frame recorded by an iPhone shows the same sample table with
a different view.
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student) after their written “Big” quiz. The short quizzes before each lab also became “open
book,” and the students were required to upload their answers before the labs, but during the
online lab sessions, TAs asked each student the quiz questions, and in the case of failing to
answer, the grade for the written quiz was reduced. A very important lesson that we learned
from this successful practice for avoiding cheating is that a combination of both written and
oral exams works, and we continue to use this practice since all classes at the UR returned
to the “all students in-person” requirement. We only replaced open book written exams with
proctoring. Cheating becomes evident during the oral exams, even with fewer questions and
a shorter time. Surprisingly, our practice shows an interesting observation: sometimes students
demonstrate much better knowledge in their oral exams than in open book written exams.

Learning outcomes from our experience in pandemic with advanced, upper-division lab
classes demonstrated that a hybrid format of recording real-time lab sessions and communicating
with students via Zoom has advantages in students’ assignment preparation. Grading of all lab
reports and quizzes showed higher grades of assignments and final grades in comparison with the
pre-pandemic years when Zoom recorded videos of lectures and lab sessions had not yet been
used. For instance, we compared an average “Big” quiz grade in 2019 (90.66 points) and 2021
(94.5 points) (see Fig. 15) and average final grades in 2019 (90.47%) and 2021 (95.9%) (see
Fig. 16) for OPT 204 with 35 students in 2019 and 33 students in 2021. The impact of the online
videos on students’ learning was thoroughly investigated in Ref. 60:

“Compared with the students who saw the live demos, the students who watched the online videos
learned more, and their self-reported enjoyment was just as high. . . videos could provide students
with an equally effective learning experience when live demos are unavailable. Even when live
demonstrations are available, it may be beneficial to supplement them with online presentations.”

Fig. 15 (From Blackboard). Statistics of the OPT 204 class grades for a final “Big” quiz (maximum
100 points). (a) For a pre-pandemic year (2019) and (b) for a pandemic year (2021).
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We would like to add that, despite a lack of “hands-on” experience for remote students, for
instance, in fusion splicing of the optical fibers, showing online struggles of “in-person” students
with detailed, high-quality real-time videos (see Fig. 17 from a video screenshot) permitted them
to learn more about this procedure in comparison with pre-pandemic years students of this class.
In addition, following the needs of remote students, a separate educational video was prepared in
the optics teaching labs, so remote students’ learning needs forced us to significantly improve
course materials.

Fig. 16 (From Blackboard). Statistics of the OPT 204 class final grades (maximum 600 points,
100%). (a) For a pre-pandemic year (2019) and (b) for a pandemic year (2021).

Fig. 17 (From a recorded Zoom video by an iPhone camera.) Fusion splicing of the optical fibers
during a remote lab. A Marshall camera positioned on a cart in a small room did not permit record-
ing of this delicate procedure in detail.
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Another lesson learned was the importance of socialization for remote students, even through
Zoom: students with up to a 13-h time shift voluntarily attended the labs at a local night time and
refused any offer to watch the recorded lab sessions without real-time feedback and commu-
nication with other students.

7 Conclusion

The primary goal of the described project supported by the NSF educational grant (2014–2017)
was to implement the multidisciplinary nanotechnology/nanoscience undergraduate educational
program at the UR with the involvement of the local MCC. The main outcomes of this project
based on the Institute of Optics and the URNano facilities are as follows:

1. creating a coherent educational program at the UR culminating in the CNSNE being
issued to 45 students

2. creating an exemplary model of collaboration in nanotechnology between a university
with state-of-the-art, expensive experimental facilities and a nearby, two-year CC, with
52 MCC students who carried out two 3-hour labs on nanotechnology at the UR

3. developing universally accessible “hands-on” experiments (“mini-labs”) on nanophoton-
ics, learning materials, and pedagogical methods that were introduced in some Institute of
Optics classes from freshman to senior levels. The two inexpensive “mini-labs” described
in this paper can be adopted in small colleges

4. adapting to the pandemic by developing remote teaching methods in real time through
Zoom for laboratory classes, as well as a written open-book plus short oral exam strategy
to avoid cheating. Our remote teaching methods with high-quality recording tools
successfully worked in the upper-division research-level open-ended laboratory projects
on the complex equipment with measurements requiring darkness in a laboratory.

Assessment results for classes with different levels of students’ knowledge demonstrated
progress in educational outcomes for nearly all students. Success in bringing advanced quantum
photonics and nanophotonics concepts to undergraduate students through the labs was also con-
firmed by written surveys: the labs helped students to understand some concepts of quantum
physics and nanooptics and increased their interest in quantum mechanics, nanotechnology, and
optics.

The main lessons learned include confirmation that our strategy in teaching nanotechnology
by students’ laboratory experience (learning by doing)61 is working, although the results of sur-
veys showed that students need more interactions with real-world nanotechnology. Some of our
CNSNE students directly communicated with companies-customers in their design projects, but
the majority of our students did not have this valuable experience. Another lesson for us is the
relatively low percent (52.2%) of students in regular classes with self-efficacy toward their suc-
cess in the field of nanotechnology. The main lesson from remote lab teaching in a pandemic
is surprising: a significant increase in students’ learning outcomes in comparison with pre-
pandemic years despite students’ preference for in-person classes. It shows that recorded course
materials, which students can watch several times individually, enhance their learning. Returning
to in-person teaching, we should not forget our valuable experience of distance learning.

Most of these results have been presented at the International Conferences on Training and
Education in Optics and Photonics (2017 and 2021).21,22,26,27
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